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SYNOPSIS 
This thesis examines a single-stage barrel-less electromagnetic induction launcher, 
developed from an arrangement used previously for very high speed, low projectile mass 
accelerators. The projectile is placed on top of the launch coil, rather than inside the 
coil, as is· more usually the case in both single and multi-stage launchers of this type. 
The examination is undertaken both theoretically and experimentally, with extensive 
experimental results being used to test the validity of the theoretical techniques used. 
The theoretical examination of the launcher is based on two distinct mathematical 
models, with results provided by the two approaches being compared. The first model 
uses a 2D electromagnetic finite-element approach, and does not include projectile 
motion or thermal effects. It is used to establish whether an analysis technique which 
does not take into account the projectile dynamics is a valid design tool for a single-
stage launcher. The second model employs a coupled-circuit approach to take into 
account both projectile motion and thermal effects, and is used to obtain an accurate 
estimate of the overall launcher performance. With the aid of the two models the effects 
of varying many different launcher parameters are examined, including the size and 
shape of the stator coil and the size, shape and composition of the projectile. 
The launcher investigation could be based on a number of criteria but here it is primarily 
based on two; the highest average velocity over a given distance and the shortest time 
required to travel a given distance from the initial stationary position. · 
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1. INTRODUCTION 
The first viable electromagnetic launcher was developed for military use by Birkeland in 
Norway, and patented in 1902 [1]. Birkeland realised the potential of a barrelled gun, 
using electrical energy to drive a metallic object, as a replacement for conventional guns 
using explosives which are inherently dangerous and unstable. Development continued 
with various small-scale projects during the second world war, and which included a 
proposal for an electric catapult to launch the notorious doodle-bugs [2]. This proposal 
was neither developed further nor implemented, because no power source capable of 
delivering the electrical energy required was available. It is only in the last twenty-five 
years that electromagnetic launchers have been seen as viable, and significant launcher 
research has been undertaken. 
The majority of launcher research has been concerned with military applications and is 
primarily weapons oriented, hence the name gun in many of the titles given to the 
various launchers proposed and constructed. Research for civil applications has been 
aimed mainly at launching payloads into low earth orbits [3,4] and the assisted 
launching of aircraft [ 5]. Other less well documented areas of research include sheet 
metal panel forming [6-8], achieved by launching the sheet at high velocity towards a 
die, and in the production of crimped terminations for high power cables [7]. 
The apparent attraction of electromagnetic launchers when compared with conventional 
powder (gas) guns is two fold. Firstly, large quantities of explosives are not required, 
leading to a substantially smaller round (shell). Secondly, in a conventional gun the 
projectile velocity can never exceed the thermal velocity of the gas molecules launching 
it, whereas in theory it is possible for a projectile launched electromagnetically to 
achieve a terminal velocity approaching the speed of light [9]. 
At present, the viability of electromagnetic launchers is still limited by their power 
supply requirements. The energy storage densities achieved to date in launcher power 
supplies make them impracticable, especially where there is a space constraint [9-11]. 
Improving launcher viability can be approached in two ways; increasing either the power 
supply energy storage capability or the launcher electrical to mechanical energy transfer 
efficiency. A great deal of the research into capacitive or inductive energy storage 
media is aimed at reducing the volume and/or mass of the power supply [10,11]. 
Improving launcher efficiency would allow the power supply size to be reduced whilst 
maintaining the mechanical performance. 
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The aim of this project is to produce a launcher which is compact, efficient and capable 
of achieving very high rates of acceleration. The launcher surface area is to be limited to 
140xl40mm, with minimal cross-sectional area. These limitations preclude the use of a 
barrelled construction with a number of stator coils, and also the use of a conventional 
rail gun. 
Fig. 1.1 shows the general arrangement and a cross-section of the chosen launcher 
configuration. The stator coil is the stationary part and the armature, which is a solid 
conducting ring, is unconstrained and launched in free flight from its initial position co-
axial with the stator coil and in close proximity to it. The energy source for a launch 
cycle is a large (low inductance) capacitor, which when discharged into the stator coil 
produces a rapidly changing stator current and a corresponding induced emf and 
resultant current in the projectile. The projectile current flows in the opposite direction 
to the stator current, giving rise to a force that causes the projectile to accelerate rapidly 
away from the stator. These constructional details give the launcher its full designation 
of a single-stage co-axial capacitor discharge electromagnetic induction launcher and 
its common name of a barrel-less electromagnetic induction launcher. The procedure 
which led to the selection of this configuration is described in Chapter 2 and was a result 
of a private communication from Mr. John Brown of the DERA. 
Launchers having a similar geometry and configuration to that of Fig. 1.1 have been 
considered previously, with the projectile being placed on top of the coil and the surface 
area of both the stator coil and projectile being nearly the same. Using high supply 
voltages and single-turn stator coils, light masses (<lOg) have been accelerated to 
velocities up to and above 4·0kmls [12-15]. However, it is believed that a more realistic 
design goal is a launcher capable of rapidly accelerating projectile masses of 0·5kg or 
greater to terminal velocities above 400rn!s. In addition, the initial voltage should 
preferably be limited to less than !OkV. 
Two aims for launcher optimisation have been specified dependent on the application; 
the first is the maximum initial acceleration and the second the maximum velocity. 
Although the velocity is of interest, the distances over which the projectiles are to be 
launched are small (less than 0·25m), which suggests that the time taken to travel a 
given distance or the maximum acceleration may be of more interest. The requirement 
for maximum acceleration implies that the peak accelerating force should be as large as 
possible. However, to produce maximum initial acceleration of the projectile may 
require that the rate-of-change of force acting on the projectile is as large as possible. 
To produce maximum rate-of-change of force it may not be necessary for the peak force 
to be as large as possible, although this must clearly be considered. Obviously to 
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achieve maximum kinetic energy for a given projectile mass, the velocity at which it is 
travelling must be as high as possible. For both requirements there is an optimum 
arrangement, that will produce the most efficient launcher in terms of the conversion of 
the available electrical energy to mechanical energy. 
In this thesis various possibilities for a single-stage co-axial induction launcher are 
considered. The stator coils are always copper and wound from solid copper wire or 
strip. The projectiles are either a single conductive material such as aluminium, or a 
composite structure where the material(s) in close proximity to the stator coil has a high 
conductivity, such as copper and/or aluminium and can be considered to be the 
armature, with the rest of the projectile made of a different, and possibly non-
conducting, material employed for its mechanical strength. Materials which could be 
employed are titanium and tungsten, which although conductive have a high resistivity 
compared to aluminium or copper and are employed for their mechanical rather than 
their electrical properties . 
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2. ELECTROMAGNETIC LAUNCHER TECHNOLOGY 
The two basic forms of electromagnetic launcher are rail guns and coil guns. 
Considerable research has been devoted to both types, since each has important 
advantages for certain applications. Rail guns tend to be used when small masses have 
to be accelerated to high terminal velocities, whilst coil guns are preferred for larger 
masses and lower terminal speeds. Little variation exists in the structure of rail guns, 
with the same basic features normally being present in most constructed rail guns, but 
coil gun designs are much more diverse with a number of quite different arrangements 
having been proposed and/or constructed. 
2.1. Rail guns 
A rail gun derives its name from the two parallel conducting rails along which a 
projectile is driven, and which normally form an integral part of the gun barrel. The 
rails are supplied from a de source, with a current being forced through a conducting 
armature which either carries or forms part of the projectile, and which is propelled 
along the rails by a Lorentz force [5,16,17]. The simple rail gun arrangement of 
Fig. 2.1{a) enables the equivalent circuit of Fig. 2.1(b) to be produced. 
The origin of the accelerating force in a rail gun (also referred to as the thrust force) lies 
in the change in self-inductance L of a single conducting circuit as its geometry changes. 
Given that the circuit current is I and the self-inductance is L, which changes with a 
distance x, then the accelerating force F is [9, 18] 
(2.1) 
Rail guns are generally perceived to be relatively inefficient [19-22] and attempts have 
been made to improve their efficiency by distributing the energy sources along the barrel 
[21], although this requires extra switches and adds to the complexity of the launcher 
control. The major advantage of a rail gun over a coil gun is that the inductance gradient 
dUdx does not change with the projectile position, implying that it can be designed to 
produce a nearly constant acceleration. 
Rail gun research has concentrated mainly on power supplies, switches and 
commutation. The rail gun requires a power supply that is capable of supplying a high 
current at a relatively low voltage for a short period of time, with the circuit often being 
designed using an opening switch [23-26]. The armature must be capable of carrying 
high currents and of accelerating the projectile (which is normally non-conductive). 
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Both solid and plasma armatures are encountered, with commutation causing problems 
as the armature must maintain contact with the rails. If poorly designed it will either 
deposit material on the rails or cause substantial damage due to arcing and erosion. 
Although a number of different solid armature types have been considered they all fall 
into one of two groups; either a matrix of conducting fibres or a simple solid conductor. 
The matrix of fibres increases the number of contact points with the rail [9,27], but is 
rapidly eroded by thermal and electrical disturbances. The simple conductor has a much 
lower voltage drop, but a high mass and volume is needed [9] to maintain contact at 
relatively high speeds, typically lOOOm/s or more. 
Plasma armatures are normally initiated by an exploding foil or wire and exhibit a high 
voltage drop. The plasma is confined at the rear of the projectile and propels the 
projectile along the rails in a way similar to a conventional gun, producing a large 
acceleration and velocity [28]. The accelerating force on the projectile is produced in a 
single event, normally acting at the base of the rails and tending to cause large scale 
damage to the machine itself, which implies high maintenance costs. 
Hybrid solid and plasma armatures have been considered, usually consisting of a solid 
central core surrounded by a plasma, with the plasma maintaining better commutation 
than a solid armature alone [29]. 
2.2. Coil guns 
Interest in coil guns arose later than that in rail guns, with a view to their use as a 
replacement because of their lower current requirements and probable higher 
efficiencies [30,31]. Although coil guns occur in many different forms, the operation of 
these is fundamentally the same; with a current carrying armature moving in or near to a 
distributed stator winding which normally forms part of the launching mechanism, 
referred to as the barrel in conventional gun terminology. 
Coil guns are normally multi-stage devices that accelerate an armature, forming part or 
all of the projectile, either smoothly or in short bursts, depending on the method of 
operation. 
The origin of the accelerating force in a coil gun lies in the change in mutual inductance 
M between two conducting elements as their separation x changes [32]. Given that the 
element currents are I 1 and I2, as shown in Fig. 2.2, then the force F is 
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(2.2) 
Coil guns are generally believed to be capable of higher efficiencies than rail guns, with 
a theoretical lOO% being postulated [30,31,33]. 
The pulsed mechanical loading produced during a firing cycle can be distributed along 
the barrel and projectile more easily than it can in a rail gun, and the destructive effects 
are therefore much less prevalent. The power supply requirements for a coil gun are in 
general more flexible, since the load impedance can be specified by design, and much 
higher voltages and lower currents can be used. The switching requirements are simpler, 
with closing switches being used rather than the opening switches common in rail guns. 
However, the switching and timing of the switch operation is more complex, with a 
separate switch normally required for each coil. 
Coil guns can be classified into a number of groups [34-36], categorised by their method 
of operation as either; synchronous [34,37-39] or induction [34,40-43], where the names 
are synonymous with conventional electrical machine usage, and the travelling-wave 
coil gun [34,44-46]. Other types of coil gun proposed [33] have involved the use of 
super-conducting elements. A super-conducting armature carrying a self-sustaining 
current throughout the launch cycle could produce a synchronous machine without the 
need for sliding contacts. It is probable that these ideas will not be feasible until high 
temperature super-conducting materials that are stable in high magnetic fields are fully 
developed. 
2.2.1. Synchronous co-axial launchers 
In a conventional synchronous machine the stator mmf and rotor travel at the same 
speed, with the field winding normally being excited externally from a de source. 
Synchronous launchers have a solid or plasma current carrying armature, normally 
supplied via sliding contacts. The stator coils are typically connected in series [38] to 
form a single helical coil, often with a number of connections provided for separate 
power supplies. They can produce a smooth acceleration profile [39], so that the 
launcher and the armature are subjected to a relatively constant mechanical loading. A 
typical synchronous launcher and its equivalent circuit are shown in Fig. 2.3(a) and 
2.3(b), respectively. 
In a typical synchronous launcher [34] the barrel current is fed via brushes on the 
armature, and the term brush-commutated synchronous coil gun is often used to describe 
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the device. The armature feed rails, either supply current to both the coils and projectile, 
or the barrel rails supply current only to the armature coil(s), as shown in Fig. 2.3(b ). 
2.2.2. Travelling-wave launchers 
Travelling-wave launchers produce a flux density along which the armature travels 
[ 44,45]. They can operate either in a manner similar to that of a conventional linear 
induction motor or in synchronous form with the armature excited vi<i rails extending 
along the barrel. The travelling-wave is produced by a high or rising frequency ac 
generator [47] or by using the timed discharge of capacitors charged to specific voltage 
levels [36] to produce a travelling magnetic wave formed in a packet. Repeated packets 
are produced from many barrel segments switched in sequence depending on the 
projectile position. The configuration of a travelling-wave coil gun is similar to that of a 
induction or synchronous launcher. 
2.2.3. Induction coil launchers 
Induction launchers typically have a simple cylindrical armature, which is driven by one 
or more stator coils that form the barrel of the launcher, with the general configuration 
and equivalent circuit as shown in Figs. 2.4(a) and 2.4(b), respectively. The use of 
multiple stator coils requires each coil to be energised, usually from separate power 
supplies or capacitors, when the armature reaches a specific position [ 40). Switching 
usually takes place either at given times after the first coil has been energised or more 
commonly relative to the armature position [42]. Induction launchers produce 
propulsive forces from the interaction between the currents flowing in the stator coil and 
the moving armature, with the armature current being produced by emfs induced in the 
armature by the changing stator magnetic field [32]. The armature current flows in the 
opposite direction to the stator coil current, giving rise to a force that causes the 
projectile to accelerate rapidly away from the stator. The changing stator current is 
usually produced by a capacitor discharge system. The multi-stage pulsed launcher is 
similar to the travelling wave launcher, but no energy is recovered from the stator coils 
which are usually independent of each other. 
2.3. Single-stage launchers 
Clearly, the launchers described above are typically multi-stage devices of a barrelled 
construction. Each launcher offers specific advantages, but they fall into two distinct 
groups; the rail gun and the coil gun. The more specialised coil guns, such as the 
synchronous and travelling-wave types, are by their nature multi-stage and far from 
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simple in construction. They do not appear to offer any advantages for the present 
application. 
The choice lies therefore with either a rail gun or induction coil gun configuration. The 
induction launcher has been chosen because -
• The single-stage induction launcher is of relatively simple construction. 
• The stored electrical to mechanical (kinetic) energy transfer efficiency attainable 
is probably high, even with large mass projectiles [30,31,48]. 
• The projectile has no electrical contact with the stator coil and therefore the 
arcing (muzzle flash) associated with the rail gun is avoided. 
• The power supply requirements are flexible, and the launcher and power supply 
present more diverse design possibilities [18,49]. 
• The induction launcher offers the possibility of a more flexible projectile design 
[48]. 
• The near constant acceleration associated with the rail gun is not required. 
• Some rail guns cause heavy erosion of the projectile. Although this may not 
necessarily be a problem, an induction launcher has the potential for zero wear of 
the stator coil. 
• The possibility of "100 times more thrust force for a given drive current" [35] 
than a rail gun. 
Whilst research into electromagnetic induction launchers has concentrated mainly on 
multi-stage devices, single-stage launcher research has been confined to mainly 
experimental devices constructed to validate theoretical or computer models. The origin 
of the launcher developed in this thesis lies as such an experimental device. 
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3. MATHEMATICAL MODELLING 
Designing any launcher system is complex, because of the number of parameters that 
can be varied, and the availability of good mathematical models is clearly advantageous, 
if not essential. In a typical single-stage induction launcher there are eight primary 
parameters which can be varied [ 40]; three coil dimensions, three armature dimensions, 
the number of stator coil turns and whether or not the stator coil and armature are 
composite structures (e.g. in the case of the stator coil, whether the wire is stranded or 
solid). 
Two computer models were used extensively in this research, the first being based on an 
electromagnetic finite-element approach and the second being based on a coupled-circuit 
filarnentary approach. The finite-element model uses a commercially available software 
package [50,51], that takes no account of either projectile motion or thermal effects and, 
although used extensively in many other applications, its use as a design tool for a 
launcher system is untested. The coupled-circuit model uses purpose-written software 
that takes into account both projectile motion and thermal effects, and has been partially 
validated for a different launcher geometry. Neither model considers the mechanical 
deformation of either the stator coil or projectile, with both assumed to be perfectly 
rigid. 
The stator coil and the projectile are both cylindrical structures that can logically be 
modelled in cylindrical co-ordinates. However, since they are each symmetrical about 
their common central axis (i.e. they are co-axial), an analysis can be based on the axi-
symmetric model structure of Fig. 3.1, which immediately reduces the problem from 
three dimensions to two, and allows its description in the rectangular co-ordinates x and 
y indicated in Fig. 3.1. This reduces significantly the size and complexity of the 
problem and hence the computational time required for its solution [52]. With the stator 
coil and projectile assumed to be co-axial, the current flow in both the stator coil and the 
projectile is constrained to a circumferential direction, and the motion of the projectile is 
entirely in the y-direction. The overall launcher structure is free within the constraints of 
being circular and co-axial. The projectile could consist of a conductive region and a 
non-conductive parasitic mass. The conductive region is referred to as the armature, and 
when no parasitic mass is present the words projectile and armature become 
interchangeable. 
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3.1. Electromagnetic finite-element model 
The finite-element package used to model the launcher is called MEGA, and is available 
commercially from the Applied Electromagnetic Research Centre, University of Bath 
(50-52]. MEGA uses finite-element methods for the solution of Maxwell's equations, 
from which the description of the present problem was derived [16,50,51]. The version 
currently available is a 2D (two dimensional) 'no velocity' configuration, which allows a 
number of conditions to be examined, but only at the start of a launch since it does not 
consider the projectile dynamics. Although it can allow for moving conductors it is 
intended for steady-state conditions [50], and it is consequently unsuitable for transient 
(mechanical) problems. 
The 2D axi-symmetric facility in MEGA is eminently suitable for the present problem 
since it is assumed to be a rotationally symmetric system with only circumferential 
current flow. The flux (and flux density B) has only radial and vertical components (i.e. 
no circumferential component), with the magnetic vector potential A being wholly 
circumferential. The projectile and the stator coil are modelled as individual regions, 
where each region can be of any material with a defined electrical conductivity. Each 
stator coil turn is connected in series, with an assumed perfect rotational symmetry 1, 
with the complete coil being connected to external components that simulate the cable, 
switch and capacitor. 
To examine the probable projectile motion, the mechanical force exerted on the 
armature must first be determined. Investigation of a launch cycle after time zero can 
give an indication of both the useful forces, those in the required direction of projectile 
motion, and the wasteful forces, those which tend to cause deformation of the projectile 
and the stator coil (and are often referred to as the bursting forces on the windings of the 
stator coil). 
MEGA has the capability to model external components, which can be connected 
together and to the defined stator coil conductive region by ports, where the ports 
represent the physical connections between the external components and the finite-
element circuit, and other finite-element circuits if appropriate [53]. The external 
components are assumed to be ideal and are modelled as lumped parameters, with the 
circuit parameters as defined in Appendix B. A typical circuit which has been defined in 
1 This means that each turn is assumed to have a constant radius rather than the continuously 
increasing radius of an actual coil. 
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MEGA is shown in Fig. 3.2, where C, Land R are the external lumped components and 
the stator coil and projectile (the armature) of Fig. 3.2 are specified as conductive 
regions I and 2 respectively, with the relevant electrical conductivities given in 
Appendix B. The launch cycle is represented in MEGA simply by defining an initial 
voltage for the external capacitor and running a transient time-domain solution. MEGA 
uses various numerical solution methods, all based on single-step time marching 
schemes, but a backward Euler technique is most commonly used for transient solutions 
of the diffusion equation describing the problem [50]. The capacitor discharges through 
the external circuit elements and the series connected conductive regions of the defined 
stator coil, producing a transiently changing flux density vector B around the stator coil 
region. This induces an emf in the armature that causes a current flow in the opposite 
direction to that in the stator coil. All current flow is described by a current density 
vector J which is wholly in the z-direction. During the initial stages of a discharge, the 
flux is concentrated in the narrow region between the stator coil and the armature, 
resulting in a high flux density in that region mainly in the x-direction. Since the current 
density J is confined to the z-direction, the resulting (J xB) force is perpendicular to B 
and hence almost entirely in the y-direction. The useful forces exerted on the armature 
are those which are axially directed (in the y-direction) and the wasteful forces are those 
which are radially directed (in the x-direction). 
A portion of the finite-element grid used to define a typical launcher is shown in 
Fig. 3.3. This grid nominally covers a I m square but in practice it extends I m in the y-
direction and 0·5m in the x-direction (since the problem is axi-symmetric, only one-half 
of the grid needs to be considered in the x-direction). The area used to define the 
conductive regions is finely meshed. A typical single-stage launcher arrangement is 
shown in Fig. 3.4, with the right-hand side defined and all radii taken as positive. 
Simulations using the finite-element model have been made over 250J.!S time periods 
using a 2J.!S time-step. 
3.2. Coupled-circuit theory model 
The coupled-circuit model was developed from previous research undertaken at 
Loughborough University [54]. It was developed initially for the examination of multi-
stage co-axial tubular induction launchers, with each stator coil being energised from a 
separate capacitor discharge power supply. It is based on a filamentary representation of 
the conductive regions of the launcher [55], where current flow is circumferential and is 
represented by components flowing in a collection of independent circular elements. 
Each filament is regarded as a branch of an electrical coupled-circuit model and, with 
external cables, switches and capacitor elements defined as lumped parameters, the 
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launcher may be simulated by a set of simultaneous, first-order, non-linear and 
discontinuous differential equations. Using tensor and sparse matrix techniques these 
branch equations are assembled dynamically into closed-mesh equations; to represent 
the electrical and mechanical operation of the launcher. The model allows individual 
filaments to be of any material with known electrical and thermal properties, although 
these are presently limited to copper and aluminium. In addition, if the projectile 
includes an additional inert mass, this can be specified independently of the armature 
structure. A typical circuit defined for the coupled-circuit model is shown in Fig. 3.5, 
with each switch having a specified forward voltage drop and impedance. 
The filaments in each stator turn are assumed to be parallel connected at each end of a 
turn, with the individual turns series connected to form the complete stator coil. The 
armature filaments are assumed to be closed independent single turns. A typical 
filamentary model of both the stator coil and the armature is shown in Fig. 3.6. The 
corresponding major electrical equations are derived from this, using standard coupled-
circuit theory, with the launcher assumed to be magnetically linear. The mass of the 
projectile is constant and its motion is described by a single second-order mechanical 
differential equation, in terms of its position (entirely in they-direction). This equation 
is solved simultaneously with the electrical equations. The thermal equations are based 
on the assumption of no thermal dissipation or transmission between adjacent filaments 
during the very short time period of a launch. The resistances and inductances of each 
individual filament are calculated from its size and the location of its centre point, with 
the inductances being determined from functions based on elliptical integrals (55-57]. 
The various inductances are grouped by type; the stator and armature filament self-
inductance, the stator-to-stator and armature-to-armature filament mutual inductances 
which are all fixed, whereas the stator-to-armature filament mutual inductances vary 
with armature position. The specific heat, resistivity and resistance of each filament are 
calculated at the beginning of each time-step of the solution. All the equations are non-
linear and are solved numerically, using a combination of Runge-Kutta, Adams-Moulton 
and forward Euler techniques. The coupled-circuit model allows for a capacitor 
discharge with or without a crowbar switch. Simulations using the coupled-circuit 
model have normally been made over 250J.!S time periods with a crowbarred current 
discharge and lJ.is time-step. 
3.3. Comparison of the computer models 
Although the coupled-circuit model takes into account both projectile motion and 
thermal effects, whereas the electromagnetic finite-element model does not, valid 
comparisons can nevertheless be made between them. This process is assisted by the 
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similarity in the two axi-syrnmetric representations used. Comparisons of the models 
should allow an initial determination of whether or not the finite-element model is 
suitable for use in the design of single-stage launchers. In addition, although the 
methods by which the models solve the problem are different, the basis of the solutions 
is essentially the same. Two quantities can be examined for a number of different 
conditions; the first being the stator coil current and the second the force exerted on the 
projectile. Simulated results have been obtained from both models under the same 
conditions, with the main switch allowed to conduct throughout the simulation in the 
coupled-circuit model, so that both models produce ringing current profiles. 
Comparisons were based on simulations made with and without a projectile at capacitor 
voltages of 1kV, 5kV and 10kV. Two of the three stator coils that were constructed for 
validation purposes (and described later in Chapter 4) were used, with the external 
component values given in Appendix B. For most comparisons the projectile was 
initially located at 0·5mm above the stator coil and was not allowed to move. 
Comparisons were also made with coupled-circuit simulations in which the projectile 
was free to move. 
3.3.1. 12-turn stator coil 
The current profiles obtained with the 12-turn stator coil are shown in Figs. 3.7, 3.8 and 
3.9, for capacitor voltages of 1, 5 and lOkV. For each initial capacitor voltage five 
simulated results are shown; two for the finite-element model and three for the coupled-
circuit model. As expected, the two current profiles with no projectile show little 
difference between the finite-element and coupled-circuit models. The finite-element 
model however produces a faster current decay if a larger number of cycles are 
examined, and there is therefore a small difference in the ringing frequency. The two 
current profiles for a static projectile also compare closely, confirming the results with 
no projectile. The results for the coupled-circuit model with a moving projectile are 
again close to those for the static projectile from both models, for a low initial capacitor 
voltage (Vc=1kV) and therefore a low energy. However, as the initial capacitor voltage 
is increased the currents compare less well, with a noticeable change in the current 
profile and a reduction in the peak current as the projectile moves away from the coil. 
Figs. 3.10, 3.11 and 3.12 show the force exhibited on the projectile, for capacitor 
voltages of 1kV, SkV and 10kV. With the static projectile there is again good 
agreement at all capacitor voltages, although the force profile decays somewhat faster in 
the finite-element model than it does in the coupled-circuit model, due to the faster 
decay of the current. Further confirmation of the electrical results is provided by the 
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coupled-circuit model with a moving projectile and a higher capacitor voltage. The peak 
force is reduced when compared with the results for a static projectile, and there is a 
rapid decay of the force as the projectile accelerates rapidly away from the stator coil 
and moves out of the influence of the stator (coil) magnetic field. 
3.3.2. 24-turn stator coil 
The current profiles obtained with the 24-tum stator coil are shown in Figs. 3.13, 3.14 
and 3.15, and the force exhibited on the projectile is shown in Figs. 3.16, 3.17 and 3.18; 
in each case for capacitor voltages of lkV, 5kV and !OkV. 
The period of the current profiles obtained with the 24-turn stator coil is clearly greater 
than that with the 12-turn stator coil, as would be expected with the inductance and 
resistance of the coil both increasing with the square of the number of turns. The 
reduced peak current can be attributed to these increases, although the force profiles 
show an increase in the peak force for both models when the projectile is stationary. For 
the coupled-circuit model with a moving projectile the peak force is much reduced at the 
higher capacitor voltages, compared with that for a static projectile, and it is a smaller 
percentage of the force for a static projectile when compared to that for the 12-turn stator 
coil. This gives an early indication that the acceleration of the projectile with the 24-
turn stator coil is greater than that with the 12-turn stator coil, and therefore that the 
projectile is outside the influence of the stator magnetic field more quickly. 
3.4. Simple comparison of the models 
An examination of a significant number of results obtained from both models under 
identical conditions leads to a simple and effective comparison of the models. The 
simulations were made for a wide variety of different coil designs, variations in the 
initial capacitor voltage for a fixed capacitance and variations in both the initial 
capacitor voltage and the capacitance to maintain a fixed energy. These results are 
examined individually in Chapter 7 and are collected in the scatter graphs of Figs. 3.19 
and 3.20. 
There is a degree of notable correlation between the results obtained for the static finite-
element and the dynamic coupled-circuit models, with that of Fig. 3.20 for the peak 
(static) force and maximum (dynamic) velocity being particularly marked. The trends 
evident in these figures are sufficient to indicate that the static model may well be a 
suitable design tool worthy of further investigation. 
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3.5. Chapter discussion 
The finite-element model can simulate conditions and coil configurations that are 
difficult (or even impossible) to examine using the coupled-circuit model. However, 
some coil configurations, which involve stranding and transposition, are easily modelled 
using the coupled-circuit approach, but are difficult to arrange in the finite-element 
model. In addition, the finite-element model allows the forces to be examined at a level 
of detail not yet possible with the coupled-circuit model. 
A direct comparison of results from the finite-element and coupled-circuit models shows 
close agreement, either with no projectile or with a static projectile, with the difference 
between the models becoming noticeable at higher capacitor voltages for a moving 
projectile. However, comparisons between static and dynamic results suggest that the 
forces obtained from static simulations provide a useful comparative indicator of the 
dynamic performance of a launcher arrangement. For example, changing the stator coil 
from 12 to 24-turns produces a 3·9% increase in the peak force on a static projectile at 
an initial capacitor voltage of 5kV, and in the dynamic model results in a 3·85% increase 
in the velocity and a 12·1% increase in the acceleration. 
No obvious cause for the difference in the speed of current decay in the two models has 
been found. It is logically due to a difference between the circuit resistances but these 
have been made as close as possible the same, and the thermal effects are negligible at 
the energy levels and in the time periods under consideration here. A difference in 
dynamic resistance is possible because the finite-element model may better represent 
non-uniform current distribution in the conducting regions because it does not assume 
constant current density in conducting elements whilst the coupled-circuit model does. 
This would result in a higher apparent resistance and consequently a more rapid current 
decay in the finite-element model. 
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Fig. 3.4 Launcher defined in MEGA. 
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4. VALIDATION OF COMPUTER MODELS 
The use of a computer model as a basis for launcher design is only acceptable once the 
model has been validated, and this chapter describes the validation of the two models 
introduced in Chapter 3. Stator coils of 12, 27 and 24-turns were used, with the power 
supplies and measuring techniques being described in Appendix A. 
4.1. Capacitor discharge power supplies 
The first power supply used employs ign itron for both the main and crowbar switches, 
and it can be used at capacitor voltages up to lOkV with a corresponding maximum 
tored energy of 56501. Although the supply is robust and reliable, the output is not 
repeatable between discharges, particularly at low voltages and low energies, a problem 
that limits its use for validation purposes. The second supply uses thyristors as the main 
switch and diodes as the crowbar switch, and was specifically designed for validation 
purposes. It has shown very good repeatability between discharges at energies up to it 
maximum capability of 12501, corresponding to a maximum capacitor voltage of SkY. 
4.2. Constructed stator coils and projectiles 
A number of stator coils were constructed with different numbers of turns and in 
different housings, but all having the same bas ic geometty. The turns for the 12 and 27-
turn coils were determined simply by how many could be contained within the housing 
dimensions of 50mm inner and lOOmm outer diameter. The 24-turn stator coil, which 
the simulations gave an early indication would produce a marginally better performance 
than the 27-turn coil, had slightly larger inner and smaller outer diameters, of 53 and 
97mm respectively. The projectiles used throughout the validation had a lOOmm 
outside diameter and a 50mm diameter central hole. A number of different projectile 
materials were used, although the majority of tests employed an aluminium projectile 
approximately 3mm thick ( lOSWG). The dimensions and average mass (a number of 
projectiles were weighed and their average taken) of the various projectile materials 
used are summarised in Table 4.1 . 
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Projectile Dimensions Mass 
materiaF (ORxiRxThickness) mm kg 
Aluminium 50x25x2·95 0·049 
Brass 50x25x3·02 0·158 
Copper 50x25x3·02 0· 156 
Table 4.1 Dimensions and mass of the various projectiles. 
The first 12-turn stator coils were made from 5x 1 mm plain copper strip insulated with 
heat- hrink tubing prior to winding, with the completed coil mounted in a housing to 
ensure rigidity and prevent any tendency for it to unwind. Initially, the stator coil was 
embedded in epoxy resin, but this proved incapable of withstanding the bursting forces 
produced when it was energised. A duplicate coil in a PVC housing proved more 
durable, although it eventually failed after approximately 200 launches. The latest and 
most successful housings use Tufnol whale brand, to increase both the housing rigidity 
and the impact strength, and although these have proved to be resilient, repeated use at 
I OkV has led eventually to the housing splitting. Coil or housing failure only occurred 
at the higher energy levels, which often led to incomplete sets of results. In all housings 
the 12-turn stator coil was recessed by 6·5mm and the gaps left were filled with epoxy 
resin. A thin layer of resin was deposited on top of the stator coil , to provide insulation 
between the stator coil and the projectile. 
The 27 and 24-turn stator coils were wound with 5·6X0·8 mm enamelled copper strip 
and were also mounted in a Tufnol whale brand housing. Both stator coils were 
recessed in the housing by 6·6mm, and topped by approximately lmm of epoxy resin. In 
all cases, supply connections were made beneath the coil , using copper strip and plated 
steel screws. This form of connection has proved to be both easy and effective, and is 
still in use. 
4.3. Initial determination of velocity 
The velocity of the projectile was estimated initially using a high-speed stroboscopic 
video camera that produces either 200 or 400 frames per second. When using the 12-
turn stator coil and the ignitron power supply, measurements indicated that an 
2 The aluminium was a standard commercial BS 1470 SIC alloy, but the brass and copper were of 
unknown composition. 
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aluminium projectile approached a peed of 90m/ with an initial capacitor voltage of 
SkY. 
A more substantive set of results was obtained using three 400kV X-ray cameras, and 
these are summarised in Table 4.2. If the capacitor voltage is V c (V), the capacitance is 
C (F), the mass of the projectile is m (kg) and the terminal velocity of the projecti le is v 
(m/s), the electrical to mechanical energy conversion efficiency is 
I 2 
- mv 
Efficiency = ; 
2 
x 1 00% 
- CV 2 c 
(4.1) 
The results are shown in more detail graphically in Appendix B, where best-fit lines are 
derived from the data using the least-squares fi t method [58]. The average velocity is 
taken as the reciprocal of the gradient of the best-fi t line. 
Material Voltage kV Velocity m/s Efficiency % 
Aluminium 5 94·0 15·3 
Aluminium ... 2 64·0 44·2 
Brass 5 31·7 5·62 
Copper 5 46·8 12·1 
Table 4.2 Summary of results obtained using X-ray cameras. 
The velocity of 64m/s and efficiency of 44·2% obtained for an aluminium projectile and 
a capacitor voltage of 2kV is clearly suspect, and probably due to the lack of raw data 
obtained. The other efficiencies and velocities are comparable with what would be 
expected, with the 94m/s velocity of an aluminium projectile at a capacitor voltage of 
SkY being close to the initial estimate obtained using the high-speed video camera. 
Although the results provided by the X-ray cameras did not form part of the validation, 
due to the relatively low number of results obtained, they nevertheless provided an early 
indication of the performance of the launcher and the accuracy of the coupled-circuit 
model. The model showed that an aluminium projectile achieved a terminal velocity of 
107-4m/s for a capacitor voltage of SkY, giving a difference of -11-4% between 
simulated and measured results. 
4.4. Validation of the electromagnetic finite-element model 
The results produced by the finite-element model cannot be as complete as those from 
the coupled-circuit model, mainly because it is a static model and it does not include the 
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crowbar switch used in the capacitor discharge power supplies. Any examination of 
launcher performance is limited therefore to the leading edge of the stator coil current 
profile, prior to the crowbar action and the main switch turning off. Comparisons 
between the models in Chapter 3 established that the stator coil current profile obtained 
from the coupled-circuit model, with a moving projectile, differs greatly from that of 
both models with a static projecti le. To examine the validity of the finite-elemen t model 
as a design tool two current profiles can therefore be used, the coil excited with no 
proj ectile and then excited with a fixed projectile. Re ults for these simulation are 
compared in Appendix B, with measured re ults without projectile and with a static 
projecti le being in very close agreement with their respective simulations. 
4.5. Validation of the coupled-circuit model 
Two distinct sets of results were obtained du ring the validation of the coupled-circuit 
model; the first, at voltages up to SkY, using the thyristor/diode power supply and the 
second with the ignitron power supply. The first set obtained were closely repeatable 
and are shown in detail here, whereas the second set obtained with the ignitron power 
supply were much less repeatable, and are only given in summary here (bu t are given in 
greater detail m Appendix B). Results for the thyristor/diode power supply were 
obtained using only the 12-turn stator coil , due to a thyristor failure at high voltage. All 
results were obtained using the aluminium projectile described in Section 4.2, with the 
measured and simulated results being compared using a percentage error calculated from 
E 
Measured-Simulated 0001 rror = x 1 -;o 
Measured 
4.5.1. Current measurements 
(4.2) 
Current measurements made using a commercial Rogowski coil and a Gould 4096 
oscilloscope are presented in the different formats explained in Appendix A. T he results 
shown here were acquired as paper plots directly from the oscilloscope, and were 
subsequently scanned and digitised to allow easy comparison with simulated results. 
T he points where the main switch begins to conduct, and where the current reaches its 
peak were used as reference points during the digitisation process. The majority of the 
c urrent profiles, shown in Appendix B for the 27 and 24-turn stator coils, were obtained 
via an IEEE-488 interface and a desktop computer, using the process described in 
Appendix A. A number of current measurements were made for each condition under 
examination. The average of the peak currents and the risetimes over a number of these 
measurements were calculated, and the current profiles shown are those which are 
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closest to the average. The risetime is taken as that for the stator current to increase 
from zero to its maximum. 
4.5.2. Speed Measurements 
Speed measurements were made using the laser diode and fibre optic receiver equipment 
described in Appendix A. The results obtained were analysed statistically, both to 
determine a best-fit line and to test the correlation of the data [58], assuming that the 
time data is the known x-set and that the displacement is the known y-set. The best-fit 
line for each set of data was obtained using the method of least-squares regression. This 
method is appropriate, since the measured data should ideally fit a straight line, if 
gravitational and drag effects are neglected and measurements are made over a large 
distance. Although methods such as exponential or polynomial curve fitting could also 
be used, a linear regression is the simplest to apply and the least likely to introduce 
errors [58]. 
A number of comparative tests are available. The first merely extrapolates the best-fit 
line back to zero displacement to determine whether it crosses before or after zero time. 
Since all projectile acceleration occurs in close proximity to the stator coil, with the 
velocity remaining constant (or nearly so) over a much longer period, the extrapolated 
best-fit line should cross the time axis after zero time but very close to the origin. 
However very few best-fit lines actually meet this criterion, probably due to a 
combination of movement of the coil during a launch, especially at the higher capacitor 
voltages, inaccuracy in the measurement technique and curvature in the practical data 
due to gravitational and drag effects. 
Statistical analysis can be performed to test the validity of the measurements as a group 
of data points. If the standard error of the gradient semi is small, and the coefficient of 
determination ri2 is near unity, the best-fit line obtained is a good fit of the data points 
used. The standard error semi gives the error of the gradient obtained, and hence the 
error in the average velocity. 
4.5.3. 12-turn stator coil 
Current profiles were obtained using the 12-turn stator coil with and without a projectile, 
and using the thyristor/diode power supply. A number of example profiles are 
considered below. 
Figs. 4.1, 4 .2 and 4.3 compare simulated and measured current profiles without a 
projectile and at capacitor voltages of 3kV, 4kV and 5kV respectively. The simulated 
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results are from the coupled-circuit model, with part (a) of the figures showing the stator 
coil current profile and part (b) the main and crowbar switch current profiles. The 
simulated and measured profiles are generally in good agreement, with the measured 
peak current being smaller than the simulated one in all three cases. 
Figs. 4.4, 4.5 and 4.6 compare simulated and measured stator coil current profiles with a 
projectile and capacitor voltages of 2kV, 3kV and 4kV respectively3. The simulated 
profile were obtained with an initial projectile displacement of I mm (i .e. lmm from the 
top of the stator coil to the bottom of the projectile ). The simulations again agree well 
with the measured results, except that the decay of the measured current profile is more 
rapid. Fig. 4 .7 compares simulated and measured peak stator coil currents for a given 
capacitor voltage, with and without a projectile, and shows that the simulated results 
compare well with the measured results over a wide range of conditions. Three initial 
projectile displacements were considered in the simulated results, to indicate the 
relatively small effect of any error in the initial position. 
Table 4.3 presents the measured currents and corresponding simulations for the 12-rurn 
stator coil wi th no projectile. The error in the peak current shows that the simulated 
results are all smaller than the measured results, with the maximum error of -16·7 1 %, 
corresponding to a capacitor voltage of 6·5kV. The simulated and measured current 
risetimes also compare well, with the maximum errors being 6·68% and -3·44% for 
capacitor voltages of 3kV and 3·5kV, respectively. 
Table 4.4 presents the measured currents and corresponding simulations for the 12-turn 
stator coil with a projectile. The error in the peak current shows that, for the majority of 
capacitor voltages, the simulated results are lower than those measured, with maximum 
errors of 5·51% and -14·84% for capacitor voltages of lkV and 6·5kV, respectively. The 
measured and simulated current risetimes compare less well than those with no 
projectile , with the maximum error being -35·31 %. 
Over 1240 speed measurements were made using the 12-turn stator coil and the 
thyristor/diode power supply, and this set of results forms the substantive part of the 
validation of the coupled-circuit model. Figs. 4.8, 4.9, 4.10 and 4.11 show the projectile 
displacement as a function of time, for capacitor voltages of lkV, 1·5kV, 2kV and 2·5kV 
respectively. Best-fit lines obtained from measurements and from the simulated 
3 Due to the failure of the thyristor/diode power supply, results with a projectile were not obtained at 
5kV. 
36 
projecti le displacements as a function of time are also shown. Figs. 4.12 and 4.13 show 
summaries of the best-fi t lines and the velocity respectively, for djfferent capacitor 
voltages. The simulated velocity was obtained by re-running the simulation over a ISms 
period4 , and taking the average velocity over a given distance between two fixed points 
after the initial acceleration has occurred. It is evident from both figures that the 
measured and simulated results are in good agreement. 
Tables 4.5, 4.6 and 4.7 summarise and compare the measured and simulated velocity, 
efficiency and velocity/voltage ratio respectively, with the percentage errors also being 
shown in each case. The maximum errors in the velocity are 5·02% fo r a capacitor 
voltage of 1·5kV with the thyristor/diode power supply, and -6·72% for a capacitor 
vol tage of 6·5kV with the ignitron power supply, with the larger of these being attributed 
to the smaller number of results taken and the u e of the ignitron supply. The measured 
velocity was obtained by applying a least squares fit to the projectile displacement 
results, and with the exception of the data obtained at 6·5kV, the semi error was found to 
be less than l xl0-4 and the ri2 error to be greater than 0·9. The results obtained using 
the thyristor/d iode power supply are in very good agreement with the simulated results . 
Capacitor 
voltage, Peak Current, kA Risetime, J.lS 
kV Measured Simulated Error, % Measured Simulated Error, % 
2·5 6· 17 6·38 -3·40 61·82 58 6·1 8 
3 7·51 7·89 -5·06 66·44 62 6·68 
3·5 8·32 9·22 -10·02 59·94 62 -3-44 
4 9·69 10·55 -8·88 62·90 62 1-43 
4·5 10·9 1 11 ·87 -8·80 63 ·35 62 2· 13 
5 12·70 13· 19 -3·86 6 1·26 62 -1 ·21 
6 14·30 15·84 -10·77 63·84 62 2·88 
6·5 14·72 17· 18 - 16·71 61·28 62 -1·17 
10 23-49 26-45 - 12·60 63·91 62 2·99 
Table 4.3 12-turn electrical resul ts (no projectile). 
4 The simulations were re-run over a longer period to produce the mechanical results alone. The 
simulations are significantly quicker when the electrical results are not produced. 
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Capacitor 
voltage, 
kV 
1·5 
2 
2·5 
3 
3·5 
4 
4·5 
6 
6·5 
Peak Current, kA 
Measured Simulated Error,% 
3-45 3·26 5·5 1 
5·12 4·90 4·30 
6·78 6·53 3·69 
7·98 8·13 -1·88 
9-49 9·89 -4 ·2 1 
10·84 11-49 -5·99 
12·11 13·06 -7·84 
13·61 14·60 -7·27 
16·96 19·07 -12·44 
17·85 20·50 -14·84 
Risetime, IJS 
Measured Simulated Error,% 
31·04 42 -35·3 1 
31·65 42 -32·70 
33·33 42 -26·01 
33·66 42 -24·78 
35·36 44 -24-43 
36·83 44 -19-47 
35·54 44 -23·80 
37-41 44 -17·60 
38·71 43 -11·08 
38·03 43 -13·07 
Table 4.4 12-turn electrical results (with projectile). 
Capacitor voltage, kV Measured, m/s Simulated, m/s 
7·82 7·62 
1·5 16·94 16·09 
2 27·66 26·45 
2·5 38·51 38·02 
6·5 139·90 149·30 
Table 4.5 12-turn projectile velocity results. 
Capacitor voltage, kV Measured,% Simulated, % 
1 2·99 2·84 
1·5 6·25 5·64 
2 9·37 8·57 
2·5 11·63 11 ·33 
6·5 20·09 22·88 
Table 4.6 12-turn efficiency results. 
Error,% 
2·56 
5·02 
4·37 
1·27 
-6·72 
Error, % 
5·02 
9·76 
8·54 
2·58 
-13·89 
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Capacitor voltage, kV Measured, m/s/kV Simulated, m/s/kV 
7·82 7·62 
1·S 11·30 10·72 
2 13·80 13·22 
2·S 1S-40 1S·21 
6·5 21·50 22·97 
Table 4 .7 12-turn velocity to voltage ratio . 
4.5.4. 27-turn stator coil 
Error, % 
2·56 
S·13 
4·20 
1·23 
-6·84 
Tests on the 27-turn stator coil used the ignitron power supply described in Appendix A, 
and a number of measured and simulated results are presented in Appendix B. Current 
profiles were obtained with and without a projectile, and the simulations with a 
projectile assumed an initial projectile displacement of lmm. Table 4 .8 presents all the 
current measurements and their equivalent simulations for the 27-turn stator coil with no 
projectile, with the percentage error in the simulated results being included in each case. 
The magnitudes of the peaks of the simulated results are smaller than those measured, 
with a max imum error of -20·88% for a capacitor voltage of 8kY and the majority of the 
other errors being less than - 10%. The risetimes of both the measured and simulated 
results compare well with the maximum error of less than 8·65% corresponding to a 
capacitor voltage of 8kY. 
The current measurements and their equi valent simulations for the 27-turn stator coil 
with a projectile are compared in Table 4.9. For the majority of the capacitor voltages 
(SkY to 9kY) the simulated results exceed those of the measured, with the maximum 
error being - 16·39% for a capacitor vol tage of SkY. The risetime of the measured and 
simulated compare less well than do those for the stator coil with no projectile, with the 
maximum error between measured and simulated being -37·84% for a capacitor voltage 
of 8kY. 
Fewer speed measurements were made using the 27-turn stator coil than for the 12-turn , 
with the results being summarised here and given in greater detail in Appendix B. The 
s imulated projectile velocity was obtained as before with the 12-turn stator coil. Tables 
4. I 0, 4. 11 and 4.12 present the measured and simulated velocity , efficiency and 
velocity/voltage ratio respectively, with the percentage error shown in each case. The 
maximum errors in the velocity are 8·74% and -0·94% for capacitor voltages of 2·SkY 
and IOkV and the larger errors, when compared to those obtained using the 12-turn 
stator coil, can again be attributed to the ignitron supply and a smaller set of results. All 
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the errors are positive, with the exception of those obtained at lOkV. The measured 
velocity was obtained from a least squares fit and for all sets of data the semi error was 
found robe below than 2x w-3 and the r/ error to exceed 0-75. 
Capacitor 
voltage, Peak Current, kA Risetime, J.IS 
kV Measured Simulated Error,% Measured Simulated Error,% 
3 3·59 3·82 -6-4 1 134·0 131 2·24 
4 4·81 5·10 -6·03 137·0 131 4·38 
5 5·86 6·39 -9·04 135·0 131 2·96 
6 7·89 7·67 -13·56 132·0 132 0 
7 8·31 8·96 -7·82 143·0 132 8·33 
8 9·53 10·29 -20·88 144·5 132 8·65 
9 10·76 11·52 -7·06 141·5 132 6·71 
10 12·16 12·81 -5·34 140·0 l32 5·71 
Table 4.8 27-turn electrical results (no projectile). 
Capacitor 
voltage, Peak Current, kA Risetime, J.IS 
kV Measured Simulated Error,% Measured Simulated Error,% 
2·5 3·96 3-77 4·80 56· 10 73 -30· 12 
5 6· 13 7·13 -16·31 56·25 73 -29·78 
6·5 7·84 8·84 -12·76 58·84 73 -24·06 
8 9·12 10-43 -14·36 52·96 73 -37·84 
9 10·08 11-43 -13·39 58·61 73 -24·55 
10 10·70 10·39 2·90 53·34 72 -34·98 
Table 4.9 27-turn electrical results (with projectile). 
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Capacitor voltage, k V Measured, rnls Simulated, rnls 
2·5 47·8 43·62 
5 128·0 117-44 
6·5 171·1 159 ·23 
8 208·2 199·24 
9 233·1 224-86 
10 247·3 249-63 
Table 4.10 27-turn projectile velocity results. 
Capacitor voltage, kV 
2·5 
5 
6·5 
8 
9 
10 
Capacitor voltage, kV 
2·5 
5 
6·5 
8 
9 
10 
Measured,% Simulated, % 
15·8 13·20 
28-4 23 ·92 
30·0 26-02 
29-4 26·89 
29·1 27·07 
26·5 27·02 
Table 4.11 27-turn efficiency results. 
Measured, rnlslkV Simulated , m/s/k V 
19· 1 17-45 
25·6 23-49 
26·3 24-50 
26·0 24·9 1 
25·9 24·98 
24·7 24·96 
Table 4.12 27-turn velocity to voltage ratio results. 
4.5.5. 24-tu rn stator coil 
Error,% 
8·74 
8·25 
6·94 
4·30 
3·53 
-0·94 
Er ror,% 
16-46 
15·77 
13·27 
8·54 
6·98 
-1·96 
Error,% 
8·64 
8·24 
6·84 
4· 19 
3·55 
-1 ·05 
Tests on the 24-turn stator coil used the ignitron power supply, and the corresponding 
experimental and simulated results are shown in greater detail in Appendix B. Current 
profiles were obtained with and without a projectile, and the simulations with a 
projectile assumed an initial projectile displacement of lmm. Table 4.13 presents aJl the 
current measurements and their equivalent simulations for the 24-turn stator coil with no 
projectile. All simulated peak currents are less than those measured, with a maximum 
error of -7·59% for a capacitor voltage of 8kV. The measured and simulated current 
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risetimes compare well with maximum errors of -8· 17% and 4·45%, for capacitor 
voJtages of 7kV and 8kV. 
Table 4.14 presents all the current measurements and their equivalent simulations fo r the 
24-turn stator coil with a projectile, with an assumed initial projectile displacement of 
lmm. The maximum error in the peak currents of 13·59% and -11·21% are for capacitor 
voltages of lOkV and 6·5kV respectively, with the measured profile (shown in Appendix 
B) appearing to become flatter than that simulated at the higher capacitor voltages. The 
current risetimes compare less well than those for the 27 -turn stator coil with no 
projectile, with a maximum error of -33·09% at a capacitor voltage of 6·5kV. 
Speed measurements made using tbe 24-turn stator coil are summarised here, and are 
shown in greater detail in Appendix B. The simulated projectile velocity was obtained 
by re-running the simulation over a 15ms period and gravitational and drag effects were 
ignored as before. Tables 4.15 4.16 and 4. 17 present the velocity, efficiency and 
velocity/voltage ratio respectively. The maximum error in the velocity is 16·1% fo r a 
capacitor voltage of 2·5kV, with the error for the other two sets of results being Jess than 
3·74%. The larger error, when compared to that obtained using the 12-turn stator coil, 
can yet again be attributed to the use of the ignitron supply and a smaller set of results. 
The measured velocity was obtained by applying a least squares fit, and for all sets of 
data the se111; error was found to be below 2· 1 x 10·3 and the r; 2 error to exceed 0·7. 
Capacitor 
voltage, Peak Current, kA Risetime, J.lS 
kV Measured Simulated Error,% Measured Simulated Error,% 
3 4·02 4·18 -3·98 123·0 118 4·06 
4 5·33 5·58 -4·69 118·0 118 0 
5 6·65 6·99 -5·11 117·5 118 -0·42 
6 7·96 8·39 -5·59 116·5 118 -1·29 
7 9· 18 9·80 -6·75 128·5 118 -8·17 
8 10-41 11 ·20 -7·59 123·5 118 4-45 
9 11 ·72 12·61 -7·59 123·5 118 4-45 
10 13·22 14·01 -5·98 123·0 118 4·06 
Table 4.13 24-turn electrical results (No projectile). 
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Capacitor 
voltage, Peak Current, kA Risetime, fJS 
kV Measured Simulated Er ror,% Measured Simulated Error, % 
2·5 4·29 4 ·14 3·50 55·64 
6·5 8·83 9·82 -11·21 54·10 
10 11·77 13·73 13·59 50·18 
Table 4.14 24-turn electrical results (With projectile). 
Capacitor voltage, kV 
2·5 
6·5 
10 
Measured, m/s 
52·94 
166·92 
250·14 
Simulated, m/s 
48-43 
156·54 
250·09 
Table 4.15 24-turn projecti le velocity results. 
Capacitor voltage. kV 
2·5 
6·5 
10 
Capacitor voltage, kV 
2·5 
6·5 
10 
Measured, % 
19-44 
28·60 
27· 13 
Simulated, % 
13·69 
26·50 
27·12 
Table 4. 16 24-turn efficiency results. 
Measured, m/s/kV Simulated, m/s/k V 
21·18 17·77 
25·68 24 ·72 
25·01 25·01 
Table 4.17 24-turn velocity to voltage ratio (m/s/kV). 
4.6. Chapter discussion 
74 
72 
65 
-33·00 
-33·09 
-29·53 
Error,% 
8·52 
6·22 
0·02 
Error,% 
29·58 
7·34 
0·04 
Error, % 
16·10 
3·74 
0 
Failure of the stator coil or its housing was a recurring problem during the validation 
procedure, and led to results which were not as comprehensive as they could have been. 
The coils were acceptably robust and generally capable of surviving several hundred 
launches, but continued operation at capacitor energies near the maximum obtainable 
(56501) invariably resulted in failure. 
The symptoms of coil failure gave an indication of a source of discrepancy between the 
simulation and the measurement. Failed coils were often found to have been 
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compressed, with the inside diameter increased and the outside diameter reduced, 
suggesting that the coils had changed shape during a launch. There was also some 
evidence that the conductor spacing in the parallel-pair supply cables increased during a 
launch. These transient changes in both the coil and the supply circuit geometry must 
cause parameter changes, which will affect the launcher performance. Such changes are 
not simulated by either the finite-element or coupled-circuit models. 
The majority of the simulated peak currents for a stator coil with no projectile were 
consistently lower than those measured, with the maximum error being -20-88% but the 
majority (92%) of the erTors lying between 0 to -15%. The errors in the peak current for 
a stator coil with a projectile were less conclusive, with the error showing that the 
simulated variation being either more or less than that measured, but with the majority 
(84%) of the errors lying between +5% and -15%. The measured current profiles at 
higher energy Levels, shown in Appendix B , showed a 'levelling off at the peak which 
was also evident in the simulations. This can be attributed to the moving projectile, with 
a large circulating current, inducing an emf i n the stator coil which opposes the coil 
current. 
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5. ELECTROMAGNETIC FINITE-ELEMENT MODELLING 
This chapter examines the first of the two modelling techniques used; the finite-element 
method. Although the finite-element package, referred to as MEGA, does not take into 
account either the motion of the projectile or thermal effects, the aim is to establish 
whether it provides a valid and useful design tool to aid the development of a single-
stage induction launcher. The package cannot determine either the velocity or the 
acceleration of the projectile, but the rate-of-change of the force may provide a useful 
indication of these. The fi nite-element model was compared to the coupled-circuit 
model in Chapter 3, and validated in Chapter 4 and Appendix B. 
Except where otherwise stated, the launcher performance is examined by means of a 
standard test. The original 12-turn stator coil was modelled with a 3mm thick 
aluminium projectile at an initial displacement of 1 mm, as used during the validation. 
The equivalent (external) parameters of the ignitron supply are shown in Tables B2 and 
B3, and for the standard test the initial capacitor voltage was 7·5kV. The conductivities 
of the various materials considered are shown in Table B9. Two components of the 
force on the projectile and stator coil are examined (designated by (JxB)x and (JxB)y), 
together with the time derivative of the force in the direction of the intended projecti le 
motion (des ignated by d(JxB)yfdt). 
5.1. Criteria for performance 
Finite-element simulations of a launch cycle can give indications of the useful and 
wasteful forces on both the projectile and the stator coil. However, the li nk between 
peak force or acceleration and maximum velocity is not obvious and can only be 
investigated with the coupled-circuit model. 
To produce the most efficient transfer of energy to the projectile the force should be 
directed wholly in the direction of the intended motion. Any other component of force 
wi ll reduce the available accelerating force, and therefore represents wasted energy. A 
number of parameters both in the launcher geometry and in the power supply can be 
varied to obtain an optimum energy transfer arrangement. 
5.2. Examination of a simple launcher 
The force acting on the projectile is the cross-product of the flux density vector B and 
the current density ] , i.e. (JxB). Figs. 5.1 and 5.2 show the flux density vector B and 
the modulus of the current density Lll, 32!-IS after the stator current begins to flow, which 
is just prior to the current reaching its peak value. It can be seen that the fl ux is 
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concentrated (so that B is large) in the airgap between the stator coil and the projectile, 
and that the current density J is larger in the upper part of the stator coil and the lower 
part of the projectile. The non-uniformity of J in both the stator coil and the projectile 
suggests that a reduction in the material thickness may be possible, with no deu·imental 
effect on the performance. Fig. 5.3 shows a vector plot of the forces at 32f.I S and 
demonstrates clearly that the forces are not spread uniformly throughout the stator coil 
and the projectile, and Fig. 5.4 shows the variati on of the (JxB)x and (JxB)y forces 
acting on the tator coil and projectile over the first l 50J..ts of the launch. The useful y-
components of force on both the stator coil and the projectile have the same magnitude 
but are opposite in direction, and are also one or two orders of magnitude larger than the 
wastefu l x-components. The x-component of force acting on the stator coil is also 
shown in Fig. 5.4, and further indicates that the forces on the stator coil are not 
uniformJy di stributed, either in magnitude or direction. The forces on the individual 
stator coil turns are shown in Fig. 5.5; and it should be noted that the (JxB)x forces 
change in direction, with those on the inner turns being expansive and those on the outer 
being compressive, with the force on the tenth turn being almost zero. This indicates 
that over a number of launch cycles, the stator coil will compress if loosely wound and 
will therefore change its general geometrys. T he (JxB)y forces on the individual stator 
coil turns are all directed downwards and in the opposite direction to that of the y-forces 
on the projectile, with the tenth turn carrying the maximum individual peak force; 
indicating that the centre of the forces on the stator coil is close to the coil centre but 
slightly towards the outer turns. Similar examination of the other stator coils used 
during the validation, with different number of turns but the same basic geomeu·y, has 
shown that the force distribution is not greatly affected by the number of stator coil 
turns. 
Figs. 5.6 and 5.7 show respectively the stator coil current and the (JxB)y component of 
the force acting on the projectile over a 200J..1S period, for capacitor voltages of 5kV and 
7·5kV. The results are as expected, with an increase in the capacitor voltage producing a 
proportionate increase in the stator coil current, together w ith an increase in the force 
which is approximately proportional to the square of the voltage. 
The net force in the y-direction acting on the stator coil alone (i.e. with no projectile), 
should be zero, since the coil is assumed to be perfectly symmetrical. However, 
5 This force distribution is supported by the practical evidence of coi l compression mentioned in 
Chapter 4. 
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examination of all of the stator coils used during the validation showed that the y-
component forces were present. For example, at an initial voltage of 7·5kV the 
magnitude of the forces on the 12-turn stator coil were lk.N and ?ON in the x and y-
directions, respectively. The force apparently acting on the stator coil in the y-direction 
can be attributed to numerical rounding errors [59] and to the construction of the 
element base [60,6 1]. The forces in the x-direction are of a magnitude that would be 
typically expected . To ensure a greater accuracy in the force calculation the grid must be 
finely meshed in and around the conductive area of interest. However, a compromise 
must be sought, as a fmely meshed grid would undoubtedly increase the solution time 
dramatically, and therefore the refinement has to be limited. An error of 70N in the total 
y-component force (with no projectile) in comparison to that of lOOkN or more with a 
projectile in place was deemed to be acceptable . 
5.3. Simple stator coil and solid projectile 
It can be argued that a launcher of this type should have external components and a 
tator coil which have the lowest possible resistance and inductance [12-15]. This is 
based on the requirement for the highest peak current to be achieved in the shortest 
period of time, and before the projectile has travelled beyond the influence of the stator 
magnetic field. This implies that the stator coil should have a single turn, which will 
minimise both its inductance and resistance [1 2- 15]. However, simulations using 
MEGA indicate that optimum (practical) launcher configurations always have more than 
one turn, with the peak (JxB) y force and its time derivative of the force d(JxB)yfdt 
varying with the number of turns, and each having a maximum. 
Three stator coils of the same basic aspect ratio but with inner and outer diameters 
respectively of (a) 50mm and lOOmm, (b) 30 and 60mm and (c) 70mm and 140mm were 
considered. The stator coils had a depth of 5mm, with the conductor width varied to fill 
the area and a 0·2mm insulation gap allowed between turns. The 3mm thick aluminium 
projectile had the same inner and outer diameters as the stator coil. 
The peak of the (JxB)y force and the peak of its time derivative are shown in Figs. 5.8 
and 5.9, and these indicate clearly that for this particular launcher geometry there is an 
optimum number of stator coil turns. An optimum of 20 turns is indicated by Fig. 5.8 
and between 12 and 16-turns by Fig. 5.9, for the peak of the (JxB)y force and the peak 
d(JxB)yfdt derivative respectively. Although Fig. 5.10 shows that both the force and its 
derivative increase with the stator coil diameter, the peak stator coil current is not 
significantly affected by the change in diameter and decreases with an increase in the 
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number of stator coil turns. Clearly, a large diameter is advantageous, although the 
small changes between 100mm and 140mm suggests there is a useful limit. 
5.4. Variation of conductor thickness 
One of the launcher design criteria is its physical size, and part of this is the thickness of 
both the stator coil and the projectile. It was observed in Section 5.2 that the current is 
not uniformly distributed throughout the conducting regions, with the distribution 
suggesting that the conductor thickness could in fact be reduced. A reduced stator coil 
thickness will give a more compact launcher and, in addition, if there is a constrrunt on 
the overall launcher thickness it will enable the thickness of the projectile to be 
increased. In addition, this could allow a projectile with two regions to be optirnised, 
with the region closest to the stator coil (the armature) being highly conductive and the 
remaining region, although also possibly conductive, being employed for its mechanical 
properties. 
5.4.1. Effects of stator coil and projectile thickness 
The thickness of the conducting regions of both the projectile and stator coil were 
varied , with the effects on the peak of the (JxB)y force, the peak of the time derivative 
d(JxB)yfdt and the peak stator current being determined. 
Figs. 5. 11, 5.12 and 5.13 show the peak force, the peak of the time derivative of the 
force and the peak stator current, with the conductor thickness of both the stator coil and 
projectile varied between 0·25mm and 3·0mm. Surface plots were produced, where the 
x-axis is the projectile thickness, the y-axis is the stator coil thickness and the z-axis the 
quantity being considered. It can be seen that the peak force is greater than 0·38MN at 
thicknesses of 1mm and above for both the stator coil and the projectile, but falls rapidly 
at thicknesses below that. The peak of the time derivative of the force shows a similar 
profile, with a large proportion of the surface plot being above 18·5TN/s. The peak 
stator current shows a larger variation, but again the current appears to fall rapidly as the 
stator coi l and the projectile thicknesses reduce below lmm. A reduction in both the 
stator coil and projectile thicknesses can thus be made without any detrimental effect on 
the launcher performance. However, a reduction in the material thickness may unduly 
affect the ability of the stator coil and projectile to sustain the forces, in particular the 
unwanted radial forces. 
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5.4.2. Effects of armature material and thickness 
The effects demonstrated in Section 5.4. 1 are indicative of the occurrence of a 
phenomenon similar to skin effect. Since the conductivity of a material affects the 
steady-state skin depth, it should also affect the minimum thickness of the launcher 
conducting regions. This was investigated by varying the projectile thickness with the 
stator coil thickness kept constant at 5rnm. The effects on the (JxB)y force, the time 
derivative d(JxB)yfdt and the peak stator current were all determined. 
Figs. 5. 14, 5. 15 and 5. 16 show the peak force, the peak of its time derivative and the 
peak stator current, all as functions of the projectile conductor thickness. The conductor 
thickness was varied from 0·2mm to 3mm for two projectile materials; aluminium and 
copper. It can be seen that there is an increasingly rapid reduction in all the quantities 
considered below about 1·2rnm for copper and 1·5mm for aluminium. The peak force, 
the peak of its time derivati ve and the peak stator current are all larger with the copper 
projectile. 
5.5. Composite projectiles 
For some applications there maybe a signifi cant advantage in the use of com posite 
projectiles, consisting of two (or possibly more) materials arranged as a current carrying 
armature and an inert mass (although the materials considered here are conductive). The 
armature material would be highly conductive, with the second material employed for its 
mechanical properties. In effect, the armature would carry the mass of the second 
material during a launch. Two secondary materials were considered; titanium and 
tungsten. The materials were assumed to be pure, with their conducti vities being given 
in Table B9. 
Projectiles composed of either an aluminium or copper armature with a second layer of 
ti tanium or tungsten were examined. The copper and aluminium thicknesses were 
varied from 0·5mm to 2mm, to determine the minimum armature thickness before any 
detri mental effect on the performance was noticed. In all cases the overall projectile 
thickness was maintained at 3mm. 
5.5.1. Titanium composite projectile 
Figs. 5. 17, 5. 18 and 5. 19 show the profiles of the force, the derivative of the force and 
the stator current, all as functions of time for titanium composites. All of these 
quantities were greater with the copper armature, and fo r both the aluminium and copper 
armatures, a thickness below 1·5mm noticeably affected the performance. 
57 
5.5.2. Tungsten composite projectiJe6 
Figs. 5.20, 5.21 and 5.22 show the profiles of the force, the time derivative of the force 
and the stator current, all as functions of time for tungsten projectiles. All of these 
quantities were again greater with the copper armature, and for both the aluminium and 
copper armature thicknesses below 1·5mm the performance was again noticeably 
affected. The tungsten/copper projectile gave the best performance of all the composite 
projectiles examined, due to the higher conductivity of the tungsten. 
5.6. Variation of the external parameters 
A number of the capacitor discharge power supply parameters can be varied and those 
considered here are; the initial capacitor voltage, the supply capacitance and the cable 
impedance. Knowledge of the influence of these parameters will give an indication of 
the dependence of the launcher performance on the design of the power supply. 
5.6.1. Variation of voltage with a fixed capacitor value 
The initial capacitor voltage was varied between lkV and lOkV, for the three different 
capacitances g iven in Table 5.1. The equivalent external components are included in 
Table 5. 1, and the corresponding electrical energies are given in Table 5.2. 
Figs. 5.23, 5.24 and 5.25 show the peaks of the (JxB)y force , the time derivative 
d(JxB)yfdt and the stator current, all as functions of initial capacitor voltage. It can be 
seen that the stator current varies proportionately with the capacitor voltage and that the 
force and its time derivative both vary approximately with the square of this voltage. 
C (!JF) 
11 3 
200 
400 
L (!JH) 
2·528 
2·528 
2·528 
R (m.Q) 
6-445 
6-445 
6·445 
Table 5. 1 External components. 
6 The periodic symbol for tungsten is W , however to avoid confusion the symbol adopted here is Tu. 
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113JJF 200JJF 400JJF 
Capacitor Electrical Electrical Electrical 
voltage energy energy energy 
kV J J J 
56·5 100 200 
2 226·0 400 800 
3 508·5 900 1800 
4 904·0 i600 3200 
5 1412·5 2500 5000 
6 2034·0 3600 7200 
7 2768·5 4900 9800 
8 3616·0 6400 12800 
9 4576·5 8 100 16200 
10 5650·0 10000 20000 
Table 5.2 Energy stored in the capacitors. 
5.6.2. Varia tion of the voltage and capacitor value to maintain a fixed energy 
The effects of varying both the initial capacitor voltage and the capacitance to maintain a 
fixed electrical energy were examined. The capacitor voltage was varied from lkV to 
lOkV and the supply capacitance reduced to maintain one of three different electrical 
energy levels. The equivalent inductance and resistance were as shown previously in 
Table 5.1. The capacitances required for the three energy levels (12501, 25001 and 
50001) considered are given in Table 5.3. 
Figs. 5.26, 5.27 and 5.28 show the peaks of the (J xB)y force, the time derivative 
d(JxB)yfdt and the stator current, all as functions of the initial capacitor voltage. The 
peak force and the time derivative both show a larger variation with capacitor voltage 
than does the peak stator current. In particular, it can be seen that the peak force falls 
rapidly at lower voltages, and that this is particularly noticeable below 4kV. However, 
the peak force at 12501 shows little variation above 4kV, with the two other energy 
levels showing a larger variation although these are also tending to flatten out. The peak 
of the time derivative increases throughout all the capacitor voltages considered. 
However, the time derivative at 12501 is tending to flatten out, suggesting that there may 
possibly be a maximum force derivative, but at higher initial capacitor voltages. The 
increase of the peak of the derivative of the force with an increase in the capacitor 
voltage is larger as the energy level is increased. 
59 
It can be seen that there is little variation in the peak stator coil current with the initial 
capacitor voltage is above 4kV, bur that below 4kV the stator coil current falls rapidly. 
The current at 1 250J remains almost unchanged when the voltage exceeds 4kV, with the 
variation being larger at the two other energy levels but again tending towards a 
maximum current. 
1250J 2500J SOOOJ 
Capacitor Capacitor Capacitor Capacitor 
voltage 
kV tJF tJF f.lF 
2500·00 5000·00 10000·00 
2 625·00 1250·00 2500·00 
3 277·70 555·66 1111·32 
4 156·25 312·50 625·00 
5 100·00 200·00 400·00 
6 69-44 138·88 277·76 
7 5 1·02 102·04 204·08 
8 39·06 78· 12 156·25 
9 30·86 61·73 123-46 
to 25·00 50·00 100·00 
Table 5.3 Capacitances and voltages for a fixed stored energy. 
5.6.3. Variation of the external components 
The external components used in the finite-element model are arranged as a senes 
combination of a capacitor (charged to an initial voltage), an inductor and a resistor, 
which represent the equivalent lumped parameters of the power supply and cables. One 
possible method of improving the performance of the launcher would be to change the 
external components, since a reduction in the inductance and resistance of the cables 
would be relatively straightforward to achieve in practice. 
5.6.3.1. Variation of the capacitance 
The capacitance was varied with the inductance and resistance kept constant. Three 
values were considered; ll3f..1F, 200f..IF and 400f..IF, with an initial capacitor voltage of 
7·5kV. The external component values used are as shown in Table 5.1. 
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Figs. 5.29, 5.30 and 5.3 1 show the profile of the (JxB) y force , the time derivative 
d(JxB)yld t and the stator current, all as functio ns of time. The peak values correspond 
to those shown in Figs. 5.23, 5.24 and 5.25 at an ini tial capacitor voltage of 7·5kV. The 
peak force, the peak of the time derivative and the peak stator current all increase with 
the value of the capacitance, but not linearly. In addition, as the capacitance increases, 
so does the period of the discharge, suggesting that a large increase in the capacitance 
may not produce the anticipated increase in the launcher performance. The projectile 
may have moved outside the influence of the stator magnetic field before all the stored 
energy has been transferred to the stator coil. 
5.6.3.2. Variation of the supply inductance 
The supply inductance was varied with the capacitance and resistance kept constant. 
The external components used are shown in Table 5.4 and an initial capacitor voltage of 
7·5kV was used in each case. 
Figs. 5.32, 5.33 and 5.34 show the profiles of the (JxB) y force, its time derivative 
d(JxB)yfdt and the stator current, all as functions of time. The peak force and the peak 
of the time deri vative both increase as the inductance falls. However, the period of both 
the force and its time derivative increases as the inductance rises, and it can be seen that 
an increase from l 1-1H to 101-!H reduces the peak force and the peak of the time 
derivative to 35% and 20% of the l1-1H values, respecti vely. In addition, the current 
increases with a reduction in the supply inductance. The effects of varying the supply 
inductance indicates that since this may have a dramatic effect on the performance of the 
launcher it must therefore be kept small in relation to the stator coil inductance. 
C (J.IF) 
113 
11 3 
113 
2 ·528 
10 
R (mQ) 
6-445 
6-445 
6-445 
Table 5.4 Supply inductance values. 
5.6.3.3. Variation of the supply resistance 
The supply resistance was varied wi th the capacitance and inductance kept constant. 
The external components used are shown in Table 5.5. 
6 1 
Figs. 5.35, 5.36 and 5.37 show the profiles of the (JxB)y force, its time deri vative 
d(J xB)yfdt and the stator current, all as fu nctions of time. Both the peak stator coi l 
current and its period increases with a fal l in resistance, as do the peak force and the 
peak of the time derivative. The period of both the force and its time derivative also 
increase with the resistance, and it can be seen that an increase from lmQ to l OmQ 
reduce the peak force and the peak of the time derivative by approximately 90% of the 
original 1 mQ value. The change are small compared to those found when the 
capacitance and inductance were varied individually, indicating that the supply 
resistance, when varied in the range considered here, has little effect on the launcher 
performance. 
C (JJF) 
11 3 
113 
113 
L (f.lH) 
2·528 
2·528 
2·528 
R (mQ) 
6-445 
10 
Table 5.5 Supply resistance values. 
5. 7. Chapter discussion 
The variation of the power supply parameters indicates that the impedance of the power 
supply is important. The series equivalent resistance and, in particular, the inductance 
hould be kept as small as possible and signi ficantly lower than the stator coil resistance 
and inductance. 
The analysis of the composite projectile performance indicates that a projectile 
constructed of two conducting layers works well , as long as the armature is of adequate 
thickness to prevent any deterioration in performance. The conductivity of the 
secondary material will also have an effect, and since tungsten has a much higher 
conducti vity than ti tanium it performs better, both in terms of the peak force and the 
peak of the time derivative. 
A noticeable link is apparent between the armature thicknesses and the skin depth. The 
skin depth 6 is given by [16,32,52] 
(5.1) 
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where 11 and o are respectively the permeability and conductivity of the material , and ro 
is the angular frequency. For copper and aluminium respectively the skin depths are 0·8 
and 1 mm, assuming that the period of the current discharge is 160j..ts and the 
conductivity is as given in Appendix B . This difference in skin depth between copper 
and aluminium is evident in Figs. 5.17, 5.18 and 5.19. The force reduction begins at 
about 1·2 for copper and 1·5mm for aluminium, so that it is possible to define the 
conduc ting region (i.e. armature) thickness as about 1·5 times the steady-state skin depth 
at the ringing frequency of the discharge . These re ·ults were supported by those 
obtained in Section 5.5.2 with composite projectiles . 
It is apparent from Sections 5.6.1 and 5.6.2 that the use of a high initial capacitor voltage 
i beneficial to the launcher performance, since the force and the time derivative of the 
force are both related approximately to the quare of the voltage. Although, it is also 
apparent that at any single energy level there may be an upper limit to the voltage, above 
which an increase produces little or no performance benefit. 
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Fig. 5. 1 Flux density vector B at 32J.1S. 
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Fig.5.2 Modulus of the current density lll at 32J.1s 
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Fig. 5.4 Various forces of the launcher. 
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Fig. 5. 18 The time derivative d(JxB)yfdt exhibited on the projectile- titanium composite. 
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Fig. 5.19 Stator coil current -titanium composite. 
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6. COUPLED-CIRCUIT MODELLING 
This chapter examines the second of the two modelling techniques used; that is the 
coupled-circuit method. The validity of this approach was examined in detail in 
Chapters 3 and 4, where it was shown to predict the system performance exceptionally 
well, particularly at low energies. The model takes account of projectile motion, unlike 
the finite-element model , and will prove to be an extremely useful launcher design tool. 
Chapter 3 compared the coupled-circuit and finite-element models and showed that there 
wa good predictive agreement at low energy levels, although at higher energy levels the 
results began to diverge. 
The launcher performance is examined here using the same standard test used in Chapter 
5, except where stated otherwise. To a significant extent the tests used in Chapter 5 are 
repeated, but the projectile is now free to move. In all cases the maximum velocity is 
taken as that achieved before a reduction occurs due to gravitational and drag effects. 
Un like the previous model , both mechanical and electrical results are provided. The 
mechanical output comprises the projectile velocity, displacement, acceleration and 
force, all as functions of time, and the electrical output comprises the main and crowbar 
switch currents, stator coil current and capacitor voltage, again all as functions of time. 
The results selected here are the velocity, acceleration , force and stator coil current. 
6.2. Simple stator coil and solid projectile 
The three stator coils of Section 5.2 were again examined with the 3mm thick 
aluminium projectile always having the same inner and outer diameters as the stator coil. 
The mass of the projectile was kept constant a t 0·049kg (with a corresponding constant 
retarding force of 0-48N), so that the effects of the size change alone could be 
investigated. 
Figs. 6.1, 6.2, 6.3 and 6.4 show the maximum velocity, peak force, peak acceleration 
and peak stator coil current, as functions of the number of stator coil turns. The 
variation in the velocity indicates, that for a given launcher geometry, the stator coil has 
an optimum number of turns, with the maximum velocity rising rapidly to a maximum at 
about 18-turns and falling slowly thereafter. The peak acceleration and force both show 
a more definite optimum at 12-turns. The variation in peak stator coil current shows no 
optimum point and falls continuously with an increase in the stator coil turns. In 
addition , the current is not significantly affected by the change in the diameter of the 
stator coil. Clearly, a large launcher diameter is advantageous since both the maximum 
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velocity and the acceleration are improved, but there appears to be very little vari ation in 
the optimum number of stator coil turns as the diameter changes. 
6.3. Variation of conductor thickness 
It was noted in Chapter 5 that the current di stribution is non-uniform in the conductive 
regions of both the stator coil and the projectile . The effect of changing the thickness of 
the conducting regions was therefore tested, with the mass of the projectile and its 
corresponding retarding force again being kept constant. 
6.3.1. Effects of stator coil and projectile thickness 
Figs. 6.5 , 6.6, 6.7 and 6.8 show the maximum velocity, peak force, peak acceleration 
and peak stator coil current, as functions of the conductor thickness of both the stator 
coil and the projectile. The conductor thickness of both the projectile and the stator coil 
was varied from 0·2mm to 3mm. Surface plots were produced, where the x-ax is is the 
projectile thickness, the y-axis is the stator coil thickness and the z-axis is the quantity 
being considered. It can be seen that the maximum velocity exceeds 180m/s at 
thickne se above 1-1· 2mm, but falls rapidly at thicknesses below that. The peak force 
and acceleration show similar profiles, being above 0·16MN and 3 ·1 x 106rnls/s, fo r a 
thickness of approximately 1·2mm for both the projectile and stator coil. The stator coi l 
current fall s with a reduction in both the stator coil and the projectile thicknesses, with 
the most noticeable fall being below a thickness of approximately 1·0mm. Clearly, Figs. 
6.5 to 6.8 support the results of Chapter 5, confi rming that a reduction in both the stator 
coil and projectile thickness is possible. 
6.3.2. Effects of projectile material and thickness 
Figs. 6.9, 6. 10, 6.11 and 6.12 show the maximum velocity, peak force, peak acceleration 
and peak stator coil current, as functions of the projectile conductor thic kness. The 
conductor thickness was varied between 0·2mm and 3mm for both copper and 
aluminium proj ectiles, but with the thickness of the stator coil conductor kept constant at 
5mm . It can be seen that there is a rapid reduction in the maximum velocity, peak force 
and peak acceleration below thicknesses of 1·2mm for aluminium and 0·8mm for 
copper, but li ttle variation above that thickness. The peak stator coil current fall s rapidly 
below a thickness of 1·2mm for aluminium and 0·8mm for copper, corresponding to the 
results observed for the velocity, force and acceleration. 
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6.4. Variation of projectile mass 
An examination of composite projectiles, where part of the mass is considered inert but 
still possibly conducti ve is not possible with the coupled-circuit model, which only 
allows for copper and aluminium. However, the effects of varying the projectile 
structure were simulated by varying the projectile mass. Any increase in the mass above 
the 0·049kg of the 3mm aluminium thick projectile represents the addition of an inert 
mass, but any reduction in mass below 0·049kg can only represent a hypothetical 
reduction in the projectile density. Different values of the constant retarding force were 
used to correspond with the projectile mass, and the three stator coils with 12, 27 and 
24-turns, as used during the validation, were considered. 
Figs. 6. 13, 6.14, 6.15 and 6.16 show the maximum velocity, peak force, peak 
acceleration and peak stator coi l current as functions of the projectile mass, with the 
mass varied between 0·005kg and lkg. The maximum velocity initially falls rapidly as 
the mass of the projectile is increased, but the rate-of-change slows as the projectile 
mass exceeds about 0·050kg and is virtually zero at about 0·3kg. The peak force 
exhibited on the projectile increases with an increase in the projectile mass, as the 
projectile remains under the influence of the magnetic field for a longer period. The 
increase in peak force with an increase in the mass is not however mirrored in the peak 
acceleration, which falls in a manner similar to the velocity, but rather more rapidly. 
The fall in acceleration can be directly attributed to the increase in the projectile mass. 
The peak stator coil current is almost constant above a mass of 0 ·25kg, and only a small 
variation i observed below 0·25kg. These results indicate that an increase in the 
projectile inert mass can be dealt with easily by the power supply, although the launcher 
performance will be significantly reduced. 
6.5. Variation of the power supply components 
6.5.1. Variation of voltage with a fixed capacitor 
The initial capacitor voltage was varied from lkV to lOkV, for capacitors of 113!-IF, 
200!-IF and 400!-IF, with the corresponding electrical energies having been shown 
previously in Table 5.2. The remaining power supply components were as given m 
Appendix B. 
Figs. 6. 17, 6. 18, 6.19 and 6.20 show the maximum velocity, peak force, peak 
acceleration, and peak stator coil current, as functio ns of the initial capacitor voltage. 
The highest velocity of 415m/s is produced by the 12-turn stator coil, with a capacitance 
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of 400)JF and an initial capacitor voltage of 10kV. The variation in maximum velocity 
with all three capacitors is larger for the 12-turn stator coil than for the other two tator 
coils considered, and is most noticeable with the 400)JF capacitor. The variations in 
both the force and acceleration confirm the results of Figs. 6.2 and 6.3, showing that in 
terms of both the force and the acceleration the optimum is around 12-turns, although 
the geometry of the 12-turn coil may not be the optimum. The stator coil cu rrent 
appears to vary linearly with the initial capacitor voltage, with the 12-turn stator coil 
producing the largest peak current. 
6.5.2. Variation of the voltage and capacitor value to maintain a fixed energy 
The initial capacitor voltage and the capacitance were varied to maintain a fixed 
electrical energy. The capacitor voltage wa varied from lkV to IOkV, with the 
capacitance chosen to maintain one of the three different electrical energy levels (12501, 
25001 and 50001) shown earlier in Table 5.2. The other power supply components were 
as given in Appendix B. 
Figs. 6.21, 6.22, 6.23 and 6.24 show respectively the maximum velocity, the peak force, 
the peak acceleration and the peak stator coil current, all as functions of the initial 
capacitor voltage. For the 12-turn stator coil near constant speeds of 102m/s, 156m/s 
and 23 1 m/s are reached for three electrical energy levels considered. The speed is 
almo t constant above a capacitor voltage of 4kV for the electrical energy level of 
12501. All the results confirm the tendency to level out as the voltage increases. The 
maximum force and acceleration always increase with the capacitor voltage, although 
there is again evidence that the trend levels out at higher capacitor voltages. The change 
in the peak stator coil current is similar, but less marked than that in the velocity, force 
or acceleration. 
6.5.3. Variation of the external components 
The effects of varying the dominant components was tested again, as in Section 5.6.3. 
The same tests were performed, but this time results were obtained over a 250)JS period. 
6.5.3.1. Variation of the capacitance 
Figs. 6.25, 6.26, 6.27 and 6.28 show the velocity, the force, the acceleration and the 
stator coi l current, as functions of time. The peak values correspond to the values shown 
in Figs. 6. 17 to 6.20 at a initial capacitor voltage of 7·5kV, for the 12-turn stator coil. 
The maximum velocities of 182·8m/s, 247·3m/s and 329·5m/s for capacitances of 
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ll3).1F, 200).1F and 400).1F, indicate the expected result - that the maximum velocity is 
improved by an increase in the capacitance. In addition, the change in the maximum 
velocity is approximately proportional to the quare root of the change in the 
capacitance, with the maximum velocity increasing by 35% for a change from 113).1F to 
200).1F and by 33·2% for a change from 200).1F to 400).1F. The peak force and 
acceleration were both improved by 29% by an increase in capacitance from ll3).1F to 
200!-IF, and by 21% when the increase was from 200!-IF to 400!-IF, indicating further that 
the overall launcher performance is improved by increasing the capacitance, although 
the change in the force and acceleration are clearly not linearly related to the change in 
the capacitance. The stator coil current profile ind icate that an increase in the supply 
capacitance produces a corresponding increa e in the peak current, with the period of the 
stator coil current, force and acceleration all increasing with an increase in the 
capacitance. 
6.5.3.2. Variation of the cable inductance 
Figs. 6.29, 6.30, 6.3 1 and 6.32 show the velocity, force, acceleration and stator coil 
current, as functions of time. The maximum velocities were 19l·lrnls, 182·8rnls and 
l 50mls for cable inductances of l).lH, 2·398).1H and lO).lH respectively, and a 15% 
increase in the peak force and acceleration was produced by a reduction in the cable 
inductance from lO).lH to 1!-IH. indicating that the overall launcher performance can be 
improved by a reduction in the power supply inductance. The stator coil cunent profiles 
indicate that a decrease in supply inductance produces a corresponcling increase in the 
peak current. The period of the stator coi l curTent, the force and the acceleration 
decrease with a decrease in the supply inductance. In addition, the time taken for the 
projectile to reach its maximum velocity increases with an increase in the supply 
inductance. 
6.5.3.3. Variation of the cable resistance 
Figs. 6.33, 6.34, 6.35 and 6.36 show the velocity, force, acceleration and stator coil 
current, as functions of time. The maximum velocities were 188·6rnls, 182·8rnls and 
179rn/s for cable resistances of lmQ, 6·398mQ and !OmQ and a 3-4% improvement in 
the peak force and acceleration was produced by a reduction in the cable resistance from 
lmQ to lOmQ. The stator coil current profiles show that a decrease in the cable 
resistance produces a corresponding increase in the peak current. The periods of the 
stator coil current, force and acceleration all decrease with a corresponding decrease in 
the cable resistance. In addition , the time taken to reach the peak velocity increases with 
an increase in the supply resistance. In all cases, the variations caused by a change in the 
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cable resistance are smaller than those caused by a corresponding change in the cable 
inductance. 
6.5.4. Crowbar switch 
There are two reasons for including a crowbar switch; limited capacitor voltage reversal 
and a unidirectional and more sustained stator coil current. Voltage reversal can cause 
damage to modern capacitors, with the maximum allowable reversal typically being less 
than 20% of the maximum permitted forward (applied) voltage [49]. A unidirectional 
stator coil current may be more advantageous if the projectile has not travelled a great 
distance, and is still being influenced by the stator coil as the current begins to fall. In 
terms of the peak force, acceleration and stator coil current, the values will be identical 
for a crowbarred and non-crowbarred discharge as the leading edge of the current profile 
and the peak will be identical; the velocity is the only quantity affected. 
Fig. 6.37 shows the maximum velocity as a function of the initial capacitor voltage, 
between lkV to lOkV, with a supply capacitance of l l3j1F. The velocity is always 
higher when a crowbar switch is used , with the differences in maximum velocity with 
and w ithout a crowbar switch being 10-4%, 10·38%, 10·32%, 9.53% and 8. 1% for initial 
capacitor voltages of 2kV, 4kV, 6kV, 8kV and lOkV. In addition, examination at a 
capacitor voltage of 20kV only a 2·6% difference in the velocity occurs with and w ithout 
a crowbar switch. It appears that at capacitor voltages below l OkV a crowbar switch 
significantly improves the launcher performance, whilst at higher voltages its effects are 
less noticeable. 
6.6. Chapter discussion 
The results presented here confirm those in C hapter 5. They show that a low power 
supply resistance and in particular inductance will improve the performance, both in 
terms of the maximum velocity and the peak acceleration. An increase in the diameter 
of the launcher produces an increase in the maximum velocity, the peak force and the 
peak acceleration. The indications are that a further increase in the diameter could 
possibly improve the performance, although one of the initial design constraints of the 
launcher was that the maximum overall diameter should be limited to 140mm. 
Although both the peak force and acceleration increase when the supply capacitance is 
increased the relationship indicates that even a large increase in the supply capacitance 
may only produce a small improvement in launcher performance. 
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The results obtained with constant energy in Section 6.5.2 show a characteristic which 
suggests, that for any specific stored electrical energy level, there is little to be gained by 
operating above a certain voltage. 
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Fig. 6.20 Peak stator coil current with variation in voltage for a fixed capacitance. 
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7 EXAMINATION OF RESULTS 
A significant number of experimental results have been taken and simulations made 
which have not formed part of the model validation and performance inves tigations so 
far described. Some of this information is presented here as: 
• A more detailed comparison between the finite-element and coupled-circuit 
models, to determine finally whether the results they provide are in close 
agreement. 
• An experimental investigation of the performance of copper/ti tan ium and 
copper/tungsten composite projectiles. 
• An experimental investigation of the effects of reducing the power supply cable 
inductance. 
7.1.Comparison of models 
A simple but effective comparison between the two models was made in Chapter 3, 
using results obtained under a wide range of conditions. A more detailed examination of 
some of the individual sets of results may finally confirm the suitability of the finite-
element model as a design tool. The terms static and dynamic force refer to the results 
obtained from the finite-element and coupled-ci rcui t model respectively. 
Figs. 7. 1 and 7.2 show respectively the peak static force as a function of the peak 
dynamic force and the velocity. Each point represents data obtained from two 
simulations made under the same conditions; the static results from the finite-element 
model and the dynamic results from the coupled circuit model. The curves were 
obtained by vary ing the voltage from LkV to lOkV for l l3f1F, 200f1F and 400f..IF 
capacitors. A clear link is apparent between the static and dynamic results. However, 
Fig. 7.1 shows that the link between the forces is not direct, otherwise the characteristics 
would be straight, but it is very clear from Fig. 7.2 that the bigger the static force the 
faster the projectile will move. Fig. 7.2 shows a close link between the static force and 
the velocity, which is indicated by the marked similarity between data obtained with 
different power supply parameters. However, care must be exercised in interpreting 
these results. Whilst it is clear that over the range considered an increase in the static 
force will produce an increase in the velocity, the upward curvature of the data suggests 
that eventuaJiy a maximum velocity will be reached beyond which any increase in the 
static force will have no effect. This effect is shown more dramatically under the fixed 
electrical energy conditions of Figs. 7.3 and 7.4. The relationship between the derivative 
of the static force and the velocity in Fig. 7.4 clearly shows that, for a specific stored 
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electrical energy there is little point in operating above a certain initial voltage level, if 
the object is to achieve maximum velocity. 
Figs.7.5 and 7.6 show the same variables as Figs. 7.1 and 7.2 but with the curve 
produced by changing the number of stator coil turns for three different coil sizes. 
Whilst it is apparent that there is an optimum number of stator coil turns in both figures, 
these are ambiguous in Fig. 7.5. It is clear that both models show an optimum number 
of turns but this is not at the same point, and suggests that the optima from both models 
do not coincide with each other. However, in Fig. 7.6 the optima are very close 
together, indicating that if the number of turns is optirnised for maximum static force 
then the velocity is also be close to its optimum. 
Figs 7.7 and 7.8 show respectively the peak of the derivative of the static force as a 
function of the peak dynamic force and the velocity, under the same conditions as 
Figs.7.5 and 7.6. In both figures the optimum number of stator coil turns indicated by 
each parameter are very close together. These results reinforce those presented 
previously, which showed that the peak of the time derivative of the static force to be an 
excellent indicator of the dynamic performance for both force (and acceleration) and 
velocity. 
7 .2. Composite projectiles 
The interest in composite projectile stems from a requirement to improve the electrical 
to mechanical energy transfer efficiency for projectiles having desirable mechanical 
properties. Such materials are titanium and tungsten which have desirable mechanical 
properties although they both have a low conductivi ty. Practical investigations into the 
performance of two types of composite projectile were undertaken, in which test 
projectiles with laminates of copper and tungsten/titanium were bonded together using 
silver epoxy adhesive. All the tests were made with initial capacitor voltages of 5kV 
and lOkV using the ignitron supply and a 27-turn stator coil, with inner and outer 
diameters of 50mm and lOOmm. The projectiles had the same diameters but varied in 
thickness. In addition, a number of tests were performed using a 3mm thick aluminium 
projectile to, ensure that no error occurred due to the measurement equipment. 
For both the titanium and tungsten composite projectiles a 0·5mm thick copper 
underside was used. Clearly, from Chapters 5 and 6 the optimum thickness for the 
copper lies between lmm and 1·5mm, but an underside of this thickness would have 
made the projectile mass excessively heavy. In addition, copper of 0·5mm thickness 
was readily available, and since this can be seen from Figs 5· 14 to 5·16 and 6·5 to 6·7 to 
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give a reasonable performance if it was adopted for the tests. It should be borne in mind 
that the object of the measurements was to show that a copper underside would improve 
the performance of the launcher in terms of velocity and efficiency, not that an optimum 
arrangement had been selected. 
7 .2.1. Copper and titanium composite projectile 
Figs. 7.9 and 7.10 show the stator current for initial capacitor voltages of 5kV and lOkV, 
and Table 7. 1 lists all the projectile examined. The velocities and energy transfer 
efficiencies are summarised in Table 7.2 and 7.3, and Figs. 7. 11 and 7. 12 show the 
projectile displacement, for initial capacitor voltages of 5kV and lOkV. The velocity 
was calculated by applying a least square best fit line to all sets of measurements. 
The titanium and copper composite projectile produces a much higher velocity than the 
titanium alone. For the other projectiles it is more applicable to examine the efficiency 
rather than the velocity, due to their different masses,. The results for the copper 
projectiles with an initial capacitor voltage of lOkV show the 2·95mm thick projectile 
has an effi ciency of 26·75%, falling to 16·02% for a 0·5mm projectile, further indicating 
that the optimum copper thickness was not used for the underside. The results for the 
aluminium projectile with initial capacitor voltages of 5kV and lOkV show velocities of 
137·8m/s and 245· lm/s and efficiencies of 32·94% and 26·05%. 
Projectile 
Aluminium 
Copperffitanium 
Titanium 
Copper (0· 50mm) 
Copper (2·95mm) 
Dimension 
(OR x IR x Thickness) mm 
50x25x2·95 
50x25x3·00 
50x25x2·95 
50x25x0·50 
50x25x2·95 
Mass 
kg 
0·049 
0·173 
0·146 
0·027 
0·156 
Table 7.1 Dimensions and mass of various projectiles used. 
Material Velocity, m/s Efficiency, % 
Titanium/copper 46·7 13·35 
Aluminium 137·8 32·94 
Titanium 5·6 0·16 
Table 7.2 Mechanical results for Vc = 5kV. 
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Material Velocity, m/s Efficiency, % 
Aluminium 245·1 26·05 
Titanium/Copper 103·6 16·44 
Titanium 21·5 0·60 
Copper (0·5mm) 258·6 16·02 
Copper (2·95mm) 139·2 26·75 
Tahle 7.3 Mechanical re ult for Ye = 10kV. 
7 .2.2. Copper and tungsten composite projectile 
Figs. 7.13 and 7.14 show the stator current for an initial capacitor voltage of 5kV and 
lOkV, and Tables 7.4 and 7.5 show the measured velocity and the energy transfer 
efficiency. Figs. 7. 15 and 7.16 show the projectile displacement for capacitor voltages 
of 5kV and lOkV. The velocity was calculated by applying a least square best-fit to all 
measurements. 
The tungsten and copper composite projectile produces a much higher velocity than the 
tungsten alone, for all thicknesses examined. The results at both 5kV and lOkV indicate 
that lmm tungsten with a copper underside produced the best result in terms of the 
electrical to mechanical efficiency. The results taken with 3mm tungsten (both with and 
without a copper underside) indicate that in terms of the energy transfer efficiency the 
tungsten is superior to the titanium. The results obtained indicate that to increase both 
the acceleration and the velocity of larger mass projectiles, it is necessary for the 
electrical energy to be increased. The results for the aluminium projectile with initial 
capacitor voltages of 5kV and lOkV show velocities of 127·66m/s and 257·77rnls and 
efficiencies of 28·27% and 28·81 %. 
Projectile Mass, kg 
Tungsten 1 mm 0·106 
Tungsten 2mm 0·222 
Tungsten 3mm 0·353 
Tungsten !mm/Copper 0·5mm 0·132 
Tungsten 2mrn!Copper 0·5mm 0·249 
Tungsten 3mrn!Copper 0·5rnm 0·379 
Aluminium 2·95mm 0·049 
Table 7.4 Mass of the various projectiles examined. 
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Projectile Velocity, m/s Efficiency, % 
Tungsten lmm 46·86 8·24 
Tungsten 2rnm 35·42 9·86 
Tungsten 3mm 28·30 10·00 
Tungsten I nun/Copper O·Srnm 61·22 17·51 
Tungsten 2nun/Copper O·Smm 40·90 14·74 
Tungsten 3nun/Copper O·Smm 29·99 12·07 
Aluminium 2·95mm 127·66 28·27 
Table 7.5 Mechanical results for Vc =SkY. 
Projectile Velocity, m/s Efficiency, % 
Tungsten 1 mm 104·37 10·25 
Tungsten 2rnm 86·82 14·84 
Tungsten 3mm 69·53 15·09 
Tungsten 1 nun/Copper O·Smm 140·68 23·00 
Tungsten 2mm/Copper 0·5rnm 97·98 21·13 
Tungsten 3nun/Copper O·Smm 74-4 1 18·58 
Aluminium 2·95mm 257·77 28·8 1 
Table 7.6 Mechanical results for Vc = JOkY. 
7 .3. Co-axial supply cables 
The simulations in Chapters 5 and 6 indicated that reducing the supply inductance and 
resistance, primarily the inductance, improves the launcher performance. The parallel-
pair cables on the ignitron supply were therefore replaced by fi ve 2·5m long URM67 co-
axial cables connected in parallel, to establish what improvement in the velocity this 
would achieve. Initial capacitor voltages of 2·5kV and 6·5kV were used, with a 24-turn 
stator coil and the 3mm thick 0·049kg alurrtinium projectile. 
Figs. 7. 17 and 7.20 show the results obtained with the two types of supply cable with 
and without a projectile at initial capacitor voltages of 2·5kV and 6·5kV. The velocities 
were calculated by applying a least squares best-fit and with the efficiencies are 
surnmari ed in Tables 7 .7. Table 7.8 shows the simulated velocities and efficiencies 
using the power supply parameters given in Appendix B. 
A comparison between the measured and simulated current profiles was not made, as a 
simple improvement in the velocity was being sought. However, an improvement in 
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both the tator coil peak current and risetime is apparent in Figs. 7.9 and 7.10, with both 
the peak current and risetime being larger for the co-axial cables. 
All sets of results show that the use of co-axial cables increased the velocity above that 
with the parallel-pair cables. The increases in the velocity were 0·98% and 0·14%, at 
2·5kV and 6·5kV. The simulated mechanical results suggested that an increase of 
21·23% and 9·38% for 2·5kV and 6·5kV could be obtained. 
Parallel-pair cables Co-axial cables 
Capacitor voltage, Velocity, Efficiency, Velocity, Efficiency, 
kV mls % mfs % 
2.5 53.97 20·2 1 54.50 20·61 
6·5 167·92 28·94 168.15 29·02 
Table 7.7 Measured mechanical results. 
Parallel-pair cables Co-axial cables 
Capacitor voltage, Velocity, Efficiency, Velocity, Efficiency, 
kV mls % mls % 
2.5 48-43 13·69 58·71 23·91 
6·5 156·54 26·50 171·23 30·09 
Table 7.8 Simulated mechanical results. 
7.4. Chapter discussion 
A compari son of the models showed that while the dynamic model is clearly the most 
appropriate model to use, a static model will provide extremely useful indicators of the 
performance of the launcher. The use of a simple model , which does not take account of 
projectile motion , offers the possibility of rapidly investigating a proposed launcher 
design to examine what changes are appropriate to improve the performance. Clearly, 
use of a static model is inappropriate once the launcher design is established, unless 
design improvements are to be investigated. 
The results obtained using titanium and tungsten proj ectiles showed that tungsten 
provides the best payload in terms of performance. The addition of the copper underside 
increa ed the velocity at lOkV by 34·79%, 12·85% and 7·02%, for the lmm, 2mm and 
3mm thick tungsten respectively. This does not however show the improvement 
completely, as an additional mass of 0·027kg had been added, and the percentage 
increases in efficiency of 124·39%, 42·38% and 23· 13%, showing more clearly the 
improvement achieved. A comparison of tungsten and titanium can only be made wi th 
115 
the 3mm thick projectiles. With the addition of a copper underside, the percentage 
increa e of the titanium for the velocity and the efficiency was 38 1·63% and 2640% 
respectively at lOkV. For all cases examined the performance of the tungsten in terms 
of efficiency was better, although clearly the addition of the copper underside caused a 
more substantive improvement with the titanium. Examination of the results obtained 
for copper showed an efficiency of 16·02% and 26·75% for 0·5mm and 2·95mm thick 
projectiles. This indicates that if the thickness of the copper underside is increased, a 
more substantial improvement in the efficiency may possibly be obtained. With the 
tungsten disc the percentage increase in the efficiency was lower as the projectile 
thickne s was increased, which can be attributed olely to the increase in the mas . 
A problem observed with the tungsten , with or without a copper underside, was that the 
projectile broke in to many pieces during a launch. The cause of this disintegration is 
not known and its possible that it occurred at the start of the launch rather than on 
impact with the target area. This indicates that although the tungsten was the best 
material in terms of performance its mechanical properties may not be suitable for a 
payload. 
Examination of the results for changing the parallel-pair cables to co-axial cables 
showed an improvement in both the measured and simulated results as was indicated in 
Chapters 5 and 6. The improvement at 2·5kV and 6·5kV was 0·98% and 0 ·14% for the 
measured velocity, respectively. However, the simulated velocity showed corresponding 
increases of 2 1·10% and 9·38%. This discrepancy appears to be large but examination 
of the measured velocities for the parallel-pair cables, both at 2·5kV and 6·5kV, show 
they are higher than those simulated by 11 ·32% and 7·27% and for the co-axial cable 
measured results they are lower by 7· 17% and 1·80%. 
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8. FURTHER DEVELOPMENT 
A final realistic design goal is a specification for a launcher capable of accelerating a 
0 ·5kg projectile to a velocity approaching 400m/s, and the power supply requirements 
needed for thi s have yet to be established. Theoretical investigations of the proposed 
high energy system were undertaken u ing the coupled-circuit model. 
8.1. Design criteria 
The material presented previously in tills thesis has shown that the electrical to 
mechanical energy transfer efficiency of the launcher is typically between 20% and 30%. 
It is highly improbable that any design could acrueve an efficiency exceeding 35%, with 
the large projectile mass being considered, and efficiencies of 45%-50% quoted 
elsewhere [30] are highly improbable. The mechanical kinetic energy U 01 required for a 
projectile with a mass m of 0·5kg to move with a velocity v of 400rnls is 
Um = ..!_mv2 = 0·5x4002 = 40 OOOJ 
2 2 (8.1) 
Table 8.1 shows the e lectrical energy required to produce this performance with 
assumed transfer efficiencies of between 15% and 35%. Clearly, the required electrical 
energy far exceeds that available from the power supplies considered before, so that a 
new and much larger capacitor discharge power supply will be needed. In addition, 
Table 8. 1 shows the capacitance required at initial capacitor voltages of between lOkV 
and 30kV. It can be seen that for an efficiency of25% and an initial capacitor voltage of 
10kV, the required capacitance is 3200J..1P. If the circuit is assumed to be a series 
combination of C, L and R, then the angular frequency w and the period t are 
approximately 
W=-
1
- and t=2rr.JLC JLC (8.2) 
with the exact equations given in Appendix B [62]. Clearly, if either the inductance or 
the capacitance are large (such as the capacitance required here) the period of the current 
discharge is also large and the transfer of electrical energy from the capacitor bank to the 
inductor is therefore slow. 
7 Single capacitors are not available with capacitances as large as this, and therefore the word capacitor 
is used to imply a capacitor bank. 
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At higher initial capacitor voltages a smaller capacitance is required, but even at 30kV a 
value of 355 ·6~ i required for an efficiency of 25%. Although the capacitance has 
been reduced to a value of the order of that u ed in the existing power supply, it is still 
significantly larger. 
Efficiency Energy Ue Capacitance f.!F 
% kJ 10kV 15kV 20kV 25kV 30kV 
35 114·3 2285·6 1015·8 57 1·4 365·7 254·0 
30 133·3 2666·6 1185·2 666·6 426·7 296·3 
25 160·0 3200·0 1422·2 800·0 512·0 355·6 
20 200·0 4000·0 1777·8 1000·0 640·0 444·4 
15 266·7 5333·4 2370·4 1333-4 853·3 592·6 
Table 8. 1 Energy, capacitance and voltage required for 40kJ mechanical energy. 
8.1.1. Switches 
With the type of switch not considered, the switching options are limited to the inclusion 
or omission of a crowbar switch to produce either a crowbarred or a ringing discharge. 
A crowbar switch is included to improve the launcher efficiency, and to protect the 
capacitor from excessive voltage reversal. Chapter 6 showed that the effects of such a 
switch on the velocity and the electrical to mechanical efficiency are small. However, 
capacitors capable of high energy storage densities usually have limited voltage reversal 
capability, often as low as 10%-20% of the maximum voltage [63], so that some form of 
capacitor protection is essentiaL The estimated component values of resistance and 
inductance for both the main and crowbar switch are shown in Table 8.2 [64]. 
8.1.2. Cable feeds 
R 
L 
Voltage drop 
50!JQ 
lOOnH 
25-0V 
Table 8.2 Estimated switch component values. 
A system of co-axial cables would probably be used to connect the capacitor power 
supply to the stator coil, with the approximate equivalent resistance and inductance of a 
s ingle co-axial cable (per-unit length) being [65 ,66] 
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1 ( 1 1 ) ~ (a) R=-- -+ and L=-ln-
ncr a2 c2 - b2 27t b c (8.3) 
where a is the outer radius of the inner conductor and b is the inner radius of the outer 
conductor of the co-axial cables. Table 8.3 gives the estimated resistance and 
inductance per unit length of URM76 co-axial cable. 
To reduce the effective resistance and inductance of the power supply cables, a number 
of co-axial cables maybe used in parallel [67 ,68]. Table 8.3 gives the total e timated 
resistance and inductance, with 12 cables 5m long used in parallel. 
Per-unit length Total 
(Single-cable) (12 in parallel) 
R 3·269 mQ/m 1·362 m.Q 
L 1·478 ~H/m 0·616 ~H 
Table 8.3 Estimated resistance and inductance of co-axial cable. 
8.2. Examination of high energy power supply requirements 
With an assumed efficiency of 25% the required electrical energy from Table 8. 1 is 
L60kJ, requiring capacitances of 3200~F and 355·6~ at initial capacitor voltages of 
I OkV and 30kV. Si mutations were undertaken for these two supply conditions, based 
on the 12, 24 and 27-turn stator coils used during the model validation, and the switch 
and cable component values given in Tables 8.3 and 8.4. A 3mm thick aluminium 
armature was used with the same basic geometry as the stator coil and a total projectile 
mass of 0·5kg was assumed. 
Figs. 8.1 , 8.2 and 8.3 show respectively the velocity, force and acceleration over a 500~s 
period and Fig. 8.4 shows the stator coil current over a lms period. The 12-turn stator 
coil with a capacitance of 355·6~F and an initial capacitor voltage of 30kV gives the 
best overall performance in terms of velocity, force and acceleration, with the periods of 
the force, acceleration and stator current being longer with the 3200~ capacitor at 
!OkV. The stator current is higher for all stator coils with a capacitance of 355 ·6~ at 
30kV for each stator coil examined. Table 8.4 lists the maximum velocity and 
efficiency for each capacitor/coil combination considered and shows that the veloci ty 
8 Both L and R are approximations. The resistance neglects skin effect and the inductance does not 
take account of flux linkage within ei ther conductor. 
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and efficiency are consistently and significantly higher with the 355·6f.!F capacitance at 
30kV. The effi ciency obtained with the 12-rurn stator coil at 30kV is only 2·92% below 
the arbitrarily assumed efficiency, whereas at lOkV it is 14·35% lower. 
To investigate further the operation at 160kJ, a series of simulations was made for a 
range of stator coil turns. The inner and outer diameters were increased to 70mm and 
140mm, since the results presented in Chapters 5 and 6 had indicated that a larger 
diameter could improve the launcher performance. The thickness of the aluminium 
armature was kept at 3mm, with the stator coil conductor thickness being 5mm, and 
0·2mm insulation between adjacent turns. In addition, the 800f.lF/20kV combination 
from Table 8.1 was considered. 
Figs. 8.5, 8.6, 8.7 and 8.8 show the maximum velocity, peak force, peak acceleration 
and peak stator current as functions of the number of stator coil turns. The maximum 
velocity for all three power supply combinations occurs between 10 and 12 turns, with 
the optimum number of turns appearing to decrease with an increase in the capacitance. 
The force and acceleration follow a similar trend to the maximum velocity, with the 
optimum number of turns occurring at around the same point. The stator current has a 
large variation between the three power supply combinations when the number of stator 
coil turns is small , but the difference reduces dramatically as the turns increase. 
Fig. 8.9 shows the electrical to mechanical transfer efficiency as a function of the 
number of stator coil turns and Table 8.5 lists the maximum velocity and efficiency at 
the optimum number of turns for each power supply arrangement. The 355·6f.lF/30kV 
power supply combination is only 9·82m/s short of the required velocity of 400m/s, 
whereas with the 3200f.lF/ 10kV combination it is 125·7m/s short of this requirement. It 
is clear from Fig. 8.9 that a low capacitance - high initial capacitor voltage combination 
produces a higher performance launcher. 
Although the 355·6f.!F/30kV combination has produced a maximum velocity close to 
that required it is stili too low, although higher than the 33 1·5m/s speed of sound [69]. 
In addition, the energy transfer efficiency is close to that assumed. Three possible 
methods can be considered to achieve a final increase in the velocity . The first of these 
is to increase the diameter of the stator coil and the projectile, although Chapters 5 and 6 
indicated that this will produce only a small improvement. The second is to increase the 
initial capacitor voltage, whi lst maintaining the same electrical energy of J 60kJ and the 
third is to use a copper rather than an aluminium armature. 
A series of simulations were made to test these three possibilities. In the first set of 
simulations, the inner and outer diameters of both the stator coil and projectile were 
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increased to 80mm and 160mm (which probably exceeds the permissible diameter of the 
launcher), with the 355·6w/30kV power supply combination retained. In the second, 
the initial capacitor voltage was increased to 40kV and the capacitance reduced to 
200~F (an electrical energy of 160kJ) but with the 70mm and 140mm inner and outer 
diameters retained. In the third the original 355·6w/30kV combination and the same 
inner and outer diameter retained but with the armature material being copper. 
Figs 8.10 and 8. 11 show the maximum velocity and the transfer efficiency between 8 
and 16-turns for the three supply arrangements. Velocities of 418·0m/s, 401·7m/s and 
400·1rnls were achieved with the increase in capacitor voltage, increase in diameter and 
the change of the projectile material , respectively. This gives corresponcling electrical to 
mechanical energy transfer efficiencies of27·30%, 25·21% and 25·02%. 
Velocity, m/s Efficiency, % 
12-turn at 1 Ok V 261 ·1 10·65 
12-turn at 30kV 375·9 22·08 
24-turn at lOkV 201-4 6·34 
24-turn at 30k V 329·0 16·91 
27-turn at lOkV 195·1 5·95 
27 -turn at 30k V 322·5 16·25 
Table 8.4 Velocities and efficiencies obtained with the original stator coils. 
Velocity, m/s Efficiency, % 
3200~F/10kV (10-turns) 
800w/20kV (12-turns) 
355·6~F/30kV (12-turns) 
274·26 
339·87 
390·18 
11 ·75 
18·05 
23·79 
Table 8.5 Velocities and efficiencies obtained with an optimum number of turns. 
8.3. Maximising secondary projectile material 
It was shown in Chapter 5 that the thickness of a projectile's conducting region i.e. the 
armature could be reduced to 1·5 times the (equivalent steady-state) skin depth, without 
the performance being affected significantly. This was examined for reduced 
thicknesses of both aluminium and copper armatures with inner and outer diameters of 
70mm and 140mm, and a 200w capacitor charged to 40kV. 
The 3mm thick armature had a calculated mass of 0·310kg and 0·094kg when copper 
and aluminium respectively, are used. Examination of the current profile for the 
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aJurn1nium armature showed the period to be 176jJs and assuming that this is the same 
for both copper and aluminium (Chapter 5 showed this to be approximately the ea e), 
thi will enable the thickness to be reduced to l·3mm for copper and 1-6mm for 
aluminium (rounded up to the nearest O·lmm). The corresponding masses of 0·134kg 
and 0·053kg represent reductions of 56·7% and 43-6% from the 3mm projectiles, and 
will therefore allow the mass of the secondary material to be maximised. 
Figs. 8. 12 and 8. 13 show the velocity and the transfer efficiency as functions of the 
number of tator coil turns. Both are a maximum at 14-turns, with velocities of 
413·82m/s and 425·82m/s, and efficiencies of 26·76% and 28·33% being achieved for 
the aluminium and the copper armatures. 
8.4. Chapter discussion 
The simulations of Section 8.2 established that the optimum number of stator coil turns 
is not particularly sensitive to a variation in the supply capacitance. It is clear from the 
simulations that for the best launcher performance, in terms both of velocity and 
acceleration, a high initial capacitor voltage and a low capacitance are required. Clearly, 
to achieve supersonic speeds wi th large masses, a low capacitor voltage and a high 
capacitance will be difficult because of the inevitably poor launcher efficiency. 
Simulations using the original 12-turn stator coil showed that with the lOkV/3200!-!F 
combination a velocity of 261·12m/s was obtained. When compared to the 375.89m/s 
obtained with the 30kV/355·6!1F combination this represents a 30% reduction in the 
velocity. For the lOkV /3200)..1F combination the maximum velocity was achieved after 
310!-!S, compared to 21211s for the 30kV/355·6!-!F combination. In addition, the 
acceleration with the 30kV/355·6!-1F combination was 2·7 times larger and occurred in 
just over half the time of the lOkV/32001-.lf combination. 
Simulations for various numbers of stator coil turns showed that, to improve the 
efficiency of the launcher, an increase in the capacitor voltage has the most effect. 
Increasing the diameter of the launcher and using a copper armature produced 2·95% 
and 2·55% increases in the velocity from the aluminium (70 and 140mm inner and outer 
diameter) armature, whereas an increase in the capacitor voltage from 30kV to 40kV 
produced a 7 ·1 6% increase. In terms of launcher performance, with the thickness of 
projectile reduced, a copper armature produced the highest velocity. However, in terms 
of maximising the payload, the mass of the copper and aluminium as a percentage of an 
overall 0-Skg projectile was 26-8% and 10·6%, with the copper producing a 2·9% greater 
increase in the velocity compared to the aluminium. 
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9 CONCLUSIONS AND FURTHER WORK 
This chapter presents conclusions arising from the work described in this thesis, together 
with observations made during the duration of the research. In addition, it also makes 
suggestions for possible further development and the continuation of the project. 
9.1. Conclusions 
The objective set in Chapter 1 of developing, within given design constraints, a single-
stage co-axial barrel-less capacitor discharge electromagnetic launcher has been 
achieved. A number of different types of launcher were examined, and although several 
of these were suited to the present applicati on, the best choice appeared to be a single-
stage induction launcher. The co-axial structure of the launcher sui ted one of the design 
constraints that the 'footprint' area should be as small as possible. A fl at arrangement, 
where the projectile sits directly above the stator coil, rather than inside or outside (or 
possibly both) the stator coil , undoubtedly produces the best results. Provided that the 
stator coil and projectile are in close proxjmity (~ lmm) the current density is mainly 
circumferential, and the flux density is radi ally directed so that the majority of the forces 
acting on the proj ectile are axially d irected (in the direction of motion). T his type of 
arrangement also lends itself to modelling using a 2D axi-symetric approach . 
These two packages enabled a number of parameters to be examined . The fin ite-
element package allowed all the forces to be determined, even those considered to be 
wasteful (i.e . not in the direction of motion) and which could cause the coil and/or its 
housing to fail. On the other hand, the coupled-circuit package allowed those 
parameters to be examined that are directly rela ted to the intended projectile motion. In 
addition, there were many parameters which both models could examine, allowing one 
model to confirm the results (or trends) produced by the other. 
Several papers [12-15] have described launchers with a similar geometry and 
conf iguration to that considered here, although they all have a single-turn stator coil and 
very light projectiles . It soon became apparent that the single-turn arrangement could 
not achieve adequate performance with heavier projectiles in terms of either acceleration 
or velocity. Indeed, under every condition examined, the best configuration has always 
required a multi-turn stator coil. 
The o rig inal spirally-wound, flat-section 12-turn stator coil was constructed and tested at 
Loughborough on the instigation of a private communication from Mr. John Brown of 
the DERA. This project grew from these simple beginnings, after the viability of the 
launcher became apparent. The first 12-turn coils allowed the coupled-circuit model to 
14 1 
~---------------
be examined, initially at low energy levels (:::; 1412J), to establish whether or not it 
produced results which were comparable to those being measured. Initial examination 
of the finite-element model showed results in close agreement to those obtained from the 
coupled-circuit model, raising the question -could a simple model taking no account of 
projectile dynamics be used as a destgn tool for a single-stage launcher? Detailed 
descriptions of either package were not included in the thesis, as they are well 
documented elsewhere and the consideration has been the application and the suitability 
of the models in the design of a launcher. The finite-element package could possibly 
have been used to model the projectile dynamics, by using a very fine mesh around the 
tator coil and projectile area and moving the projectile at each time-step solution, but 
this approach was felt to be excessively complicated. In addition, the version of MEGA 
in use allowed for the use of only 15 000 elements [50] . 
To allow both models to be used with confidence, some form of validation was 
neces ary, as the coupled-circuit model had only been previously validated for a 
different launcher geometry, and the use of the finite-element package in this application 
was untried and untested. Initial testing was undertaken using a supply based on 
ignitron switches, but it was soon realised from these tests that the ignitron switching 
was not very repeatable. To improve the repeatability between launches a solid-state 
switch was developed for a new capacitor discharge power supply capable of operation 
up to SkY [70,7 J ]. A commercial charger was obtained, as it was important to ensure 
that the charging voltage was consistent. In addition, the charger allowed the ignitron 
supply, previously limited to SkY, to be used at initial capacitor voltages up to lOkY. 
The models were validated with the same size projectile and stator coils having 12, 24 
and 27-turns. The majority of the validation tests were made using the 12-turn stator 
coil and the thyristor/diode power supply, but failure of the main switch, led to the 
results with the 24 and 27 -turn stator coils being obtained with the ignitron supply. For 
all conditions the same measurements were performed a number of times, to reduce 
random measurement error, in particular in the displacement, as even at low energies the 
launch is violent. To minimise errors a best-fit line was determined for the displacement 
data using the least-squares linear regression method [58], although it was apparent that 
the data had a slight curve. In addition, the ignitron supply was used to obtain results 
with capacitor voltages above SkY. The difference between the measured and the 
simulated results at higher energy levels was larger than at capacitor voltages of SkY or 
less. These differences can be attributed to the higher energy levels in use, where 
inaccuracies in the model occur due to such things as movement of the supply cables, 
the coil itself changing shape and stator coil recoil which are becoming more 
predominant. 
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A possible discrepancy between the measured and simulated results may lie in the 
method by which the velocity is calculated. The measured velocity was determined by 
applying a least square best-fit line over a long distance and the simulated velocity wa 
taken as the maximum velocity, prior to any gravitational and drag effects taking over. 
This method for obtaining the simulated velocity was felt to be the most appropriate as it 
produces a consistent results for all simulat10ns. In addition, it also ensured that the 
simulations only had to be performed over a short time period. 
There was good agreement between the results provided by the finite-element and 
coupled-circuit models at low energy levels. The small differences in the current 
profiles, in Chapter 3, with either no projectile or a static projectile, were thought to be 
due to the way in which the current density was calculated in the coupled-circuit model, 
where it is assumed to be constant over each fil ament cross-section. It became apparent 
that there was a larger difference between results from the two models at higher energy 
levels, which could be attribu ted to the finite-element model not being able to model 
projectile mot10n. The usefulness of this model is dependent almost entirely on the 
assumption that all the projectile acceleration occurs very close to the stator coil. 
Comparison of the two models showed the obviou result that the coupled-circuit model 
is most appropriate for general use, due to its ability to model projectile motion. 
However, the finite-element model can be used to examine a wide range of conditions, 
and although it has been shown to be capable of indicating performance trends very 
well , care must be exercised in assuming that it can produce definitive answers . 
The two models were used in Chapters 5 and 6 to examine the launcher performance at 
energy levels that were low in comparison to the final application. Both models 
indicated that the launcher performance could be improved by a power supply with a 
low cable inductance and resistance and an optimum number of turns in the stator coil. 
Although the majority of coupled-circuit model simulations included a crowbar switch, 
this was not present in any of the finite-element solutions. This exclusion was however 
felt to be acceptable, as the majority of the activity occurs during the leading edge of the 
current profile, and the only quantity that is affected by the crowbar switch is the 
veloci ty. It was observed that at low capacitor voltages there is an undoubted advantage 
in the use of a crowbar switch, but that as the capacitor voltage and energy increase it 
becomes less important. 
The influence of the number of stator coil turns was determined using a fixed projectile 
aspect ratio . An initial examination of various diameters showed that the main factors 
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which significantly affected the performance were the diameter, and the number of stator 
coil turn . The spacing between adjacent turns appeared to be less significant. 
It was observed during the practical work that if the initial energy was below 5650] the 
tator coils failed only after repeated use, usually due to damage to the housing. 
However, the coils fai led completely at energy levels of 12 712J when the power supply 
described in Appendix C was used. If the launcher is likely to be used at higher energy 
levels , the de ign of the coil housing will be important if its probable failure is not to 
affect the flight of the projectile . In addition, the quare projectiles used initially with 
the high energy supply, suffered serious deformation at the corners, due mainly to 
uneven current density distribution and therefore force distribution indicating that the 
projectile (and armature) must also be carefully designed. 
Tests using composite projectiles showed that in terms of the velocity, acceleration and 
electrical to mechanical transfer efficiency, tungsten is the best secondary material. 
Tungsten discs without a copper layer performed better than titanium on its own, which 
can be attributed solely to their different cond uctivities. Simulations indicated that the 
copper thickness was possibly not the optimum, but the aim was to simply show an 
improvement if a copper armature was used. An obvious problem with choosing a 
copper thickness is the mass of the armature. Clearly to achieve the best performance 
the projectile design must be optirnised, since an optimum armature thickness will 
ensure the secondary material can be maximised. A problem observed in Chapter 7 was 
the disintegration of the tungsten discs, but it could not be established whether this 
occurred at the start of the launch or on impact with the target area. The non-uniform 
force distribution on the projectile observed in Chapter 5 indicated that the 
disintegration may possibly occur at the start of the launch cycle, and that at high energy 
levels this non-uniform distribution might possibly present a major problem . 
The development of the high energy supply showed that to achieve 400m/s with a O·Skg 
projectile both the capacitance and the initial voltage must be selected carefully . The 
de ign was based on an assumed transfer efficiency of 25% so that a 160kJ supply was 
required; at 30kV the actual efficiency was close to this but at lOkV it was much lower. 
9.2. Further work 
Although the single-stage barrel-less electromagnetic launcher has been studied in detail 
a number of suggestions can be made for the continuation and development of the work. 
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9.2.1. Launcher development 
A detailed investigation of al ternative launchers hould be carried out, to examine 
whether they offer any advantages over the type presently in use. One possible variant 
could be based on a rail gun , using the same basic geometry with the projectile resting 
on the launch coil with no insulation . A disadvantage of this arrangement is of course 
the serious arcing that would occur, a problem that does not occur in an induction 
launcher. 
ln an alternative to the launcher de c ribed the solid projectile could be replaced with a 
coil (either single or multi-turn) and connected in either eries or parallel with the stator 
coil. Another variation is to have the projectile pre-excited, but the obvious 
disadvantage to both these suggestions is the extra complexity introduced by the 
connections to the projectUe. One suggestion which could be easily implemented is a 
tranded stator coil. A multi-turn projectile could have advantages, although a clear 
disadvantage is the non-uniform force distribution which could cause the projectile 
(coil) to collapse and hence interfere with an intended launch. 
Clearly, their are many configuration which could be considered, bu t they al l move 
away from the extreme simpJjcity offered by the launcher investigated in this thesis. 
9.2.2. Model development 
There are a number of options available for the development of the models used in this 
thesis and the possible introduction of other models. 
The finite-element package MEGA has a version that includes a transient solver that 
could have been used. The alternative to this is to develop post-processing software to 
allow the current version of MEGA to be used as a transient solver and allow for 
projectile movement, with the results fed back in to the MEGA solver at each time step 
solution. This would obviously move away from the simple approach so far followed. 
A further possible development could be to combine the finite-element and coupled-
circuit models together. 
The introduction of thermal considerations is likely to be essential in any detailed study 
of a high energy launcher, as the temperature ri se during a launch will be much higher 
than that presently observed. In addition, a detailed investigation of the materials 
invoJved needs to be undertaken, with a possible expansion of the range of materials 
included in the coupled-circuit model. The materials used in both models were assumed 
to be ideal, which is clearly not the case in practice. 
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One approach that could be adopted using either the finite-element or coupled-circuit 
approach, i the use of a commercially available mathematical package such as 
MA TLAB, and in particular SIMULINK [72]. Packages such as this offer an easy user 
interface and their use could allow the easy development of a detailed model, perhaps 
before the construction of more specific and compact software. 
Clearly , as the energy is increased, both models need to take into account the complete 
dynamics of the launcher rarher than only the projectile movement. Examples of this are 
the deformation of the projectile and the compression of the stator coil, and these effects 
are clearly going to be magnified at high energy levels. 
An optirrusation method could be developed as a design tool for the launcher, and could 
possibly simplify its design . Previous computer-ba ed studies [73,74] have investigated 
the sensitivity of electrical systems, and in particular induction motors, to parameter 
changes. Possible techniques that could be used include the 2° factorial design method, 
where n is the number of parameter changes [75] and the use of the MATLAB 
optimisation toolbox. 
9.2.3. Power supply development 
The development of a high energy supply needs careful consideration, since a high 
energy supply is expensive both in its construction and maintenance. A clear problem 
with capacitor discharge power supplies at high energy levels, is the energy storage 
density of the capacitors, although research is being undertaken to enable this to be 
increased [49]. The requirement for a high voltage and low capacitance are clear, but 
methods for overcoming this include pulse-sharpening techniques or the use of voltage 
doubling circuits in the capacitor outpu t, bur the requirement for such a high energy 
supply (in terms of stored energy in a capacitor) might not be unnecessary if techniques 
such as flux compression can be developed at the size needed [76]. 
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APPENDIX A: EXPERIMENTAL EQUIPMENT 
A.l. Capacitor discharge power supplies 
The energy storage capacitor, its charge dumping system, the switches and their trigger 
ci rcuit are together referred to as the capacitor discharge power supply. It is clearly 
desirable for high supply voltages to be used, as the energy obtainable from the supply is 
related to the square of this voltage. Two power supplies were used; the first u es 
ignitron switches and was designed to operate at 20kV with a peak current of lOOkA, but 
is presently restricted to a maximum capacitor voltage of lOkV, the second uses a 
thyristor/diode switching arrangement and can operate up to a maximum capacitor 
voltage of SkV and a peak current of 15kA 
A.l.l. Thyristor/diode capacitor discharge power supply for simplex coils. 
T he thyristor/diode power supply shown chematically in Fig. Al uses a thyristor as the 
main switc h and a diode as the crowbar switch . The use of thyristors and diodes in high 
voltage systems is limited by their maximum forward and reverse voltages, and although 
high voltage devices are available they have to be specially manufactured and are 
expensive. An alternative is to operate a number of commercially available devices in 
series, which obviously requires more complex control circuitry [Al ]. The circuit is 
described in detail below, and is a development of an experimental lower-power 
unit [A2], which was itself developed from a circuit by Campbell and Jasper [AJ]. 
Fig. A2 shows in detail the full thyristor and diode stacks, with their associated control 
components. The thydstor stack is triggered sequentially; when the first device (at the 
low potential end) is triggered this causes the other devices in the stack to conduct in a 
sequential and ordered manner. 
The initial triggering circuit for the stack is shown to the right of SCR 1, with a fibre 
optic link providing electrical isolation between the control circuit and the thyristor 
stack . A photo-transistor Tr 1 is used to turn-on the IGBT Tr2, by discharging capacitor 
Cl into its base, with capacitor C2 providing energy to the gate of SCRl. Resistors R l5 
Lo R 18 and capacitors C3 to C6 constitute the gate drive arrangement for each 
automatically triggered thyristor in the stack. Resistor Rl4 and capacitor C2 provide the 
gate drive for SCR 1, the externally triggered device, which initiates stack turn-on. 
The characteristics of devices, even from the same production batch, can vary widely 
and the inclusion of resistors R 1 to R9 is necessary to ensure correct static voltage 
sharing for both the thyristors and diodes. 
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When SCR 1 is externally triggered, current fl ows through the gate to the cathode 
causing the thyristor to start conducting. As SCR l starts to conduct its anode-cathode 
re istance then decreases and the anode-cathode voltage (Vac) consequently begins to 
fall. The change in potential of the cathode voltage of SCR2 causes the capacitor C3 to 
discharge into the gate of SCR2 from capacitor C3, thereby initiating conduction in 
SCR2. This process is repeated along the stack until SCRS starts to conduct, and the 
main discharge current flows through the stack. 
As the stack begins to conduct, each thyri stor is in a different state of conduction, wi th 
those at the bottom being further into conduction than those at the top. The dynamic 
impedances will therefore be different, and each device will have a different anode-
cathode voltage. To improve dynamic voltage sharing, capacitors C7 and C8 are 
connected in parallel with thyristors SCR4 and SCRS. 
Fig. A3 shows the completed thyristor stack, with two SOj..lF SkY (Maxwell) capacitors 
and the 1kQ dump resistor with dump relay, which is used to discharge the capacitor 
when necessary. Connections between the stator coil and the power supply are made 
with a parallel pair of 2A WG cables, comprising 1 OSO strands of O·l6rnm copper 
A.1.2. Thyristor/diode capacitor discharge power supply for duplex coils. 
The power supply of Section A. l .1. was modified for use with either simplex or duplex 
coi ls, using the arrangement shown in Fig. A4. The main thyristor switch has been 
moved to the low potential side of the capacitors (each of which are SOj..tF, half the value 
of the original capacitor bank), with two sets of crowbar diodes. A full circuit diagram 
is shown in Fig. AS. and the completed power supply in Fig. A6. 
A.1.3. Ignitron capacitor discharge power supply 
The power supply using ignitrons for both the main and the crowbar switches is shown 
chematically in Fig. A 7, and in the photograph of Fig. A8. The 1 1 3~ main capacitor 
is designed to operate at a maximum voltage of 22kV, and has been used extensively 
throughout the project at voltages up to lOkV. Connections between the stator coil and 
the power supply were made initially with a 2A WG parallel pair cable, but these were 
later replaced by four 3m long URM67 coaxial cables in parallel. The main and crowbar 
switches are triggered optically and simultaneously, with an RC circuit connected to the 
auxiliary anode of the crowbar ignitron maintaining conduction until the capacitor 
voltage reverses, and the ignitron is able to conduct through its main anode. Although 
this power supply was used extensively it does not allow repeatable results to be 
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obtained, with the ignitrons operating inconsistently at low voltages (=2kV), primarily 
because repeatability of the main triggering mechanism is not guaranteed, as the 
characteristic of the mercury arc is dependent on the ambient temperature and other 
variables. 
Although the ignitron power supply doe not provide repeatability, it does have the 
capability for operating at capacitor voltages much higher than those of the 
thyristor/diode arrangement. Modification of the ignitron supply would however be 
necessary if experimental work wa to be undertaken at voltages above J OkV. The 
ignitron crowbar switch would need CO be made automatic, or to be replaced by an 
alternative form of switch, as in its present form it has on occasions failed to operate at 
power supply voltages near to lOkV due to main switch breakdown. Repeated excessive 
voltage reversal could result in damage to the capacitor. 
A.2. Launcher control unit 
The launcher control uni t was designed to direct and maintain a launch sequence. It 
operated originally with a transformer rectifier unit (TRU) as the capacitor charger, and 
used monostable timers co control the launch cycle. The control unit was completely 
rebuilt for use with a Nimbus commercial high voltage power supply (charger) (A4J , 
becau e problems were experienced interfacing the charger with the control unit. 
Electrical noise from the charger affected a number of electronic timers in the control 
unit, appearing to reset them. The rebuilt control unit, which uses a number of non-
latching and latching relays in place of timers, is shown in Fig. A9. 
A.2.1. Relay circuit 
The relay circuit is shown schematically in Fig. AlO. The unit is based on four relays, 
each having 4-pole change-over contacts. Two relays are used for HV on and HV off, 
which are non-latching and operated by the start and arm push button 
switches respectively. Both the HV on and HV off relays have an additional relay inter-
linked with one set of their contacts. Since, momentary closure of the HV on and HV 
off relays causes them to latch they are referred to respectively as HV on latch and HV 
off latch. The connections for the 25-way D-type cable used to control the charger are 
shown in Table Al . 
Mains power for the charger is supplied from the control unit via a 12 metre 3-core cable 
with Euro-socket and plug connections. The supply can be disabled via a key switch on 
the front panel, ensuring that a high voltage cannot be produced by the charger if the key 
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is removed. The key switch is also linked to the reset circuit, which includes the test 
room interlock and a push button. The reset circuit energises a l2V relay which supplies 
power to all relays except the charger relay. In the event of a reset occurring, for 
example due to the test room door being opened, all relays return to a safe state and the 
control unit returns to its start condition and can no longer initiate a launch. Power is 
still supplied to the charger (unless the key witch has been used to reset), but the 
control unit ensures that it has returned to a afe state. 
The relay circuit is used primarily to control the charger and to ensure its safe use, with 
the exception of a relay connected to one of the poles of the HV on latching relay. This 
controls the dump relay on the capacitor discharge power supply so that in the event of a 
reset occurring the charge is dumped immediately. 
The Nimbus charger requires momentary closure and opening of the HV on and HV off 
lines (if it is controlled remotely), which is achieved by additional relays energised by 
contacts on the HV on and HV off non-latching relay. Two further relays energised 
from contacts on the HV off latching relay are used to open the Nimbus interlock and to 
inhibit the HV output of the charger. The interlock makes the charger inoperative and 
the inhibit which is taken low by the relay, is normally held hjgh by a 5-lkQ resistor in 
the Nimbus charger. 
Other poles on the relays are used for inter-linkjng the start, arm and fire push buttons, 
such that they can only be used in sequence. The start switch initiates charging of the 
capacitors, and the arm switch stops the charging and allows the fire push button to 
operate. A switch on the front panel allows for either a manual or an automatic firing 
mode. In the manual mode the fire switch must be used, whilst in the automatic mode 
firing is triggered by the arm switch, with the trigger pulse in both modes being delayed 
to allow the charger to shut down prior to the capacitor bank being discharged. Spare 
relay contacts are available to a11ow a warning beacon and siren to be operated 
automatically from the control unit, but at present these are operated manually and 
external to the control unit9. 
9 When operating the launcher a warning beacon located outside the laboratory is used to indicate that 
high voltage equipment is in use and a two-tone s iren to indicate a fi ring is about to take place. 
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A.2.2. Electronic circuit 
The electronic circuit shown in Fig. A 11 ha two functions. The first of these is to 
buffer both the voltage programme and monitor to and from the Nimbus charger and the 
second is to delay the trigger pulse to the firing circuit. The delay is produced by two 
monostables (4528), which ensures that the charger has been made inoperative before 
firing, which is essential when the control uni t is used in the automatic mode. A panel 
meter is used to djsplay both the programme (required) and monitor (actual) voltage on 
the control unit. In addition, the voltage monitor can be connected to an external meter 
to provide a more accurate measurement of the capacitor voltage. An end of charge 
indicator (EOCI) on the front panel indicate that the charger is runrung under voltage 
control and that the capacitor(s) are charged to the pre-set programme voltage ( 1 V/kV). 
A.2.3. Flash tube circuit 
The trigger for the thyristor/diode or ignitron capacitor discharge power supply is 
provided by the photographic fl ash tube circuit shown in Fig. A 12, via a fibre optic 
cable. The flash tube is powered by a capacitor discharge, triggered by a pulse 
transformer and an NE555 timer which is negative edge triggered from the electronic 
circuit via an opto-isolator. The NE555 timer reset is held high by the HV off latchi ng 
relay and is therefore only operative during a launch cycle. This circuit was used in the 
original control unit and has been retained for the present unit. It provides an excellent 
means of triggering for single shot-applications where isolation is required between the 
control unit and the capacitor di scharge power supply. 
A.2.4. Control unit power supply 
The control unit power supply shown in Fig. A l 3 provides a number of regulated and 
unregulated supplies, using conventional transformer rectifiers. A zero-voltage mains 
switch ensures that the unit becomes inoperative in the event of a power failure and the 
switch must be manually reset to restore power ro both the control unit and charger. 
A3. Transformer rectifier unit 
During the early stages of the project a transformer rectifier unjt (TRU) was constructed 
for capacitor charging, with the schematic arrangement as shown in Fig. A 14. The 
maximum output of the 1:17 step-up transformer is 4· 1kV, which is mruns supplied via a 
variable auto-transformer unit. The transformer output is rectified using a standard 
bridge rectifier, with five series-connected 1N5408 diodes in each of the four branches 
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of the bridge. Each diode has a parallel-connected resistor to ensure static voltage 
sharing. Five 470Q wire-wound resistor are in erie with the bridge output to limit the 
output current. The completed unit is shown in Fig. A15, and is capable of producing 
5·8kV de at IOOmA. 
A problem with any TRU with an auto-transformer voltage control, is that a consistent 
output voltage cannot be guaranteed and it is difficult to obtain repeatable resul ts. To 
overcome thes~ problems a commercial power upply with a maximum ou tput voltage 
of lOkV was purchased. 
A.4. Speed measurement 
A number of methods have been used to measure the motion of the projectile. Initial 
investigations concentrated for the most part on the speed of the projectile at distances 
greater than 50mm away from the stator coil, with a high-speed stroboscopic camera 
being used to obtain an indication of the speed. The videotape produced from thi 
together with evidence from a number unrestrained launches, indicated that the 
aluminuim projectile had a total flight of approximately 80ft and a maximum speed of 
approximately 90m/s, at a capacitor voltage of 5kV. Some useful measurements were 
made using flash x-ray cameras, but the majority of the results have been obtained using 
a laser diode and fi bre optic arrangement. Both the high-speed video camera and the x-
ray camera require long periods of time between successive speed measurements and the 
cost of using them long term is prohibitive. However, the laser diode and fibre optic 
based method has proved to be both quick and relatively inexpensive. 
A.4.1. Speed measurement using a high-Speed camera 
In the early stages of the project a high-speed video camera capable of 200 frames/s full 
frame and 400 frames/s half frame (size) gave an indication of the speed of the 
projecti le, an example photograph from the high-speed camera being shown in Fig. A 16. 
Although useful initially the exact position of the projecti le was difficult to determine 
due to blurring of the sti lls produced from the videotape. 
A.4.2. Speed measurement using an x-ray camera 
A set of results were obtained using 400kV flash x-ray equipment at DERA (Fort 
Halstead), with the projectile launched vertically and pictures taken at various time 
intervals. A small scale copy of an x-ray film is shown in Fig. Al7. Three x-ray 
cameras were located approximately 2m from the launcher and at approximately 45° to 
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each other. The x-ray films were placed behind the launcher and in line of sight with 
their respecti ve sources. The film were exposed twice; once with a calibration rod so 
that the distance of the projectile from the coil could be measured, and again during a 
launch. These measurements confirmed those taken using the high-speed video, that the 
projectile was travelling at a speed of approximately 90m/s, at a capacitor voltage of 
5kV. 
A.4.3. Speed measurement using Laser diodes and fibre optics 
At present, laser modules are used in conjunction with optical sensors and fibre optics, 
to obtain peed (or more precisely position) measurements which are not subject to 
electromagnetic interference. The motion of the projectile is used to break the beam 
between the laser modules and the optical fibres and their respective sensors. Two test 
stands were constructed, one for the laser modules and the other for the optical fibres. 
The stands were placed one on either side of the coil at a distance of approximately l ·Sm 
from it, to ensure that they were subject to the minimum possible amount of disturbance 
during a launch. The first laser module was a t the base of the stand, and i ts associated 
optical fibre was mounted on the coil housing and used to detect the initial movement of 
the projectile. Substantial recoil has been observed, with the coil housing moving 
visibly during a launch, and it was found necessary to modify the arrangement at the 
coil, with the optical fibre placed on the optical fi bre stand and the laser beam shining 
across the surface of the top of the coil. When the launcher was fi red, movement of the 
projecti le allowed the laser beam to illuminate an optical fibre and its associated sensor, 
triggering the speed measurement circuitry. The arrangement mounted on the coil 
housing was considered to be at zero displacement. The other laser modules were 
allowed to illuminate continually their respective optical fibre sensors and the motion of 
the projectile interrupted the beams and was registered by the speed measurement 
circui try. 
A.4.3.1 Speed measurement circuitry 
The speed measurement circuitry was designed to work with a maximum of five fibre 
optic cables. The circuitry, shown in Fig. A 18, was config ured such that a change in 
light from the first optical fibre not being illuminated to being i11uminated was registered 
by a voltage level change; the other four optical fibres were in the reverse configuration, 
such that a break in the light source was registered by a change in voltage level. Three 
sets of outputs are provided by the circuitry, one of which is used to ensure the system is 
fully reset before a new set of speed measurements is made. These are a set of five 
LEDs, driven by a set of CMOS 40107 chips, whjch are all illuminated when the system 
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is fully reset. The other two sets of outputs are via BNC connectors, and are used either 
with timer/counters or an oscilloscope to provide a time based output, if the relative 
heights of each laser beam is known then the position and speed of the projectile can be 
obtained. 
The change of light in the optical fibres is detected by a set of five Siemens SFH350V 
photo-diodes, each of which is connected to two Schmitt trigger dual input NAND gates 
(74HCT1 32) configured as an RS lmch. The use of these gates 'allow for' a small 
propagation delay and produces a fast level change on the output of the latches. The 
LEDs and one set of BNC connectors are connected to the Q outputs of the latch, such 
that a level change in output from 0 (OV) to 1 ( +5V) indicates when the optical fibre has 
been illuminated for the first and the beam has been broken for the other four optical 
fibres. A change in all the LEDs from illuminated to not illuminated during a launch 
indicates successful operation of the speed measurement circuitry to the motion of the 
projectile. The Q outputs of the latch are buffered by a set of inverter gates (74HCT14) 
prior to connection to the BNC connectors, the BNC outputs are fed to a fo ur channel 
Gould 4090 series oscilloscope. An example oscilloscope plot of a speed measurement 
using the oscilloscope is shown in Fig. Al9. The first BNC output, which indicates the 
initial movement of the projectile, is connected to the external trigger input of the 
oscilloscope. With zero pre-trigger or trigger delay all measurements on the 
oscilloscope can be made from the furthest left vertical graticule and this can be 
considered as zero time, and therefore zero displacement of the projectile. The other 
BNC outputs are connected to the four main input channels. The speed measurement 
circuitry is reset by a push button which momentarily takes the other inputs of the latch 
low. This reset line is normally held high by a 1 OkQ resistor. 
The Q output of each RS latch is connected to an individual monostable configured for 
positive edge triggering to provide output pulses of approximately lOOns, whenever the 
Q output of each latch changes from 0 (OV) to 1 ( +5V). The Q monostable outputs are 
connected to a number of dual input NAND gates to provide various outputs. If the 
laser and fibre optic arrangement at the coil are the first and the highest is the fifth, and 
each arrangement runs consecutively with respect to height; the outputs of the NAND 
gates are the following - 1st & 2nd and 1st & 4Lh to provide displacement measurements, 
2nd & 3rd and 4th & Sth to provide speed traps relative to the end of each respective 
displacement. A further output has all the Q monostable outputs gated together, which 
produces a pulse train showing all events. It is likely that this output will only be used 
when measuring high velocities or with all the laser modules and optical fibres in close 
proximity to the coil, as the time base required on the oscilloscope to see all events is 
large and can introduce substantial errors. 
161 
A.4.3.2. Modification of the speed measurement technique 
The speed measurement equipment was modified to examine the performance of the 
launcher in close proximity to the coil. The distances considered were less than 1 OOmm 
from the top of the stator coil, and to minimize any error the height of the laser beams 
was determined using a micrometer depth gauge. A modification was made to give an 
indication of the time taken to travel a given short distance, with only two laser diode 
and fibre optic cable arrangements used. A four channel oscilloscope was used, with the 
triggering provided by the flash tube circuit in the control unit and displayed with the 
current profile and the relevant optical receiver output. The trigger pulse provides a 
fixed time point from which the relative locations of both the current profile and the 
speed measurements can be taken. An example oscilloscope plot of a speed 
measurement in Fig. A20, shows the flash-tube trigger, the stator current and the speed 
measurement output. 
A.S. Current measurement 
Initial current measurements were made using a previously constructed current sensor 
(Al] attached to the parallel-pair output cables of the capacitor discharge power 
supplies. Later measurements were made with a commercial current transducer [A6,A 7] 
made by Power Electronic Measurements Ltd. 
Al l current measurements were made using a Gould 4090 series oscilloscope. Initially 
the plot from the internal plotter was scanned and digitised for comparison with other 
experimental and simulated results obtained. During the project an IEEE-488 PC 
interface card was obtained which allowed the measurement data to be transferred 
directly to a PC computer and stored in an ASCII format file. 
A.S.l. Search coil 
The two cables used to supply current to the launcher stator coil can be regarded as a 
single-turn transformer primary, so a search coil attached to the cable to form a 
secondary winding will give an output voltage proportional to the rate-of-change of the 
output current of the capacitor discharge power supply. The captured waveform was 
processed using the in-built numerical integration function of a Gould 4090 series 
oscilloscope. The current sensor was previously calibrated using a measured sinusoidal 
current of known frequency through the main output cables; an equivalent mutual 
inductance of 49nH was calculated. 
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A.5.2. Current waveform transducer 
The commercial current transducer has an in-built electronic integrator with the rate-of-
change of the discharge current obtained using a Rogowski coil. The flexible Rogowski 
coil, which is 'breakable' to allow it to be easily placed around the cable carrying the 
discharge current, and is connected by a coaxial cable to a boxed electronic integrator 
powered by two 9V batteries. The sensitivity of the transducer is 0·2mV/A, with a peak 
current capability of 30kA and a maximum di/dt rate of 12 OOON11s [A5,A6]. 
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Fig. A3 Completed thyristorldiode power supply . 
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Fig. A4 Simplified schematic of the modified thyristor/diode power supply. 
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Fig. A6 Completed thyristor/diode power supply. 
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Fig. A8 Ignitron power supply. 
Fig. A9 Completed control unit. 
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Pin Facility 
1 External interlock (normally open) 
2 External interlock (normally open) 
3 
4 EOCIN oltage control indication 
5 Front panel vol tage control 
6 Voltage control 0-JOV input (1 V/lkV) 
7 Current programme 0-1 OV input (Not used) 
8 Front panel current control (Not used) 
9 HV Inhibit/HV Enable 
10 Current monitor (Not used) 
ll Voltage monitor 0- IOV output (1 V/l kV) 
12 OV 
l3 lOV Ref (Not used) 
14 HV On (Normally open) 
15 HV On (Normally open) 
16 HV Off (Normally closed) 
17 HV Off (Normally closed) 
18 OV 
19 ov 
20 
21 
22 
23 
24 OV 
25 lOV Ref (Not used) 
Table. A 1 Nimbus 8000 25-way connector. 
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Fig. A 1 I Control unit - Electronic circuit. 
Fig. A 12 Control unit -Flash tube circui t. 
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Fig. Al 3 Control unit - Power supply circ ui t. 
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Fig. Al5 Completed TRU. 
Fig. Al6 High-speed camera photograph. 
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Fig. A 17 X -ray film reproduction. 
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Fig. A 19 Example speed measurement output : Method 1. 
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Fig. A20 Example speed measurement output : Method 2. 
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APPENDIX B: EXPERIMENTAL AND SIMULATED RESULTS 
B.l. Determination of model parameters 
The lumped parameters of the power supply equi vaJent circuit can be determjned by 
either measurement or calculation. Measurement are normally based on an analysis of 
a time-discharge current profile with the power supply short-circuited, whilst 
calculations use analytical expressions for the cable impedance and manufacturers data 
for the witch impedance(s). The first method is most appropriate for an existing power 
upply, but the second method is acceptable (or obligatory where the power supply has 
yet to be constructed), as the majority of the unknown source impedance is in the cables. 
The power supply impedance can be deterrruned from a time-discharge current profile, 
provided that the value of the first current peak 11 and the time at which it occurs are 
known. This will provide the equivalent series impedance of the power supply, with the 
majority of the inductance and resistance normally associated with the cables. 
A capacitor C charged to a voltage V0 and discharged into a series combination of 
resistance R and inductance L at time t = 0 produce a time-varying current which can be 
expressed as [B I] 
l (t) = 10e-<at) sin(cot) (B l ) 
Where Io = Vo ro=~ 1 - R' and <Y=~ 
coL ' LC 4L2 2L 
1 R /c 
co o = JLC , y = 2" VL and a= ycoo (B2) in addition 
where co0 is the undamped natural frequency and the undamped natural period To=2rr/co. 
If the capacitance and inductance are large compared to the resistance of the equivalent 
series circuit it can be assumed that y << 1 and that T = T0, and that the first positive 
peak (I1)occurs at one-quarter ofT (T 114), when di/dt = 0, so that 
(B3) 
and from (B2) 
2fc R = -- -Ln(F) 
7t c (B4) 
and 
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(B5) 
Using the above equations the components of the power supply impedance can be 
calculated. 
B.l.l. Ignitron supply 
Component 
L 
R 
Parallel-pair 
3·788!-IH 
3-46lmQ 
Co-axial 
2·3781JH 
6·39mn 
Table B I Estimated component values for ignitron supply- parallel-pair cables. 
B.1.2. Estimated values for ignitron switches 
The values for the ignitron switches had to be estimated due to a lack of available 
manufact urers data and are shown in Table B210. 
Component 
L 
R 
Voltage drop [B2] 
Value 
150·0nH 
55·0f1Q 
-25·0V 
Table B2 Estimated component value for ignitron switches 
B.1.3. Simplex thyristor/diode supply -using parallel-pair cables 
Component 
c 
L 
R 
Value 
lOOJ.lF 
2· 146flH 
5·705mn 
T able B3 Estimated component values for thyristor/diode suppiy. 
!0 These values were used as both the main and crowbar switch parameters in the coupled-circuit models 
and these L and R values were added to the cable component values to give the value used for 
MEGA. 
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The difference in the resistance and the inductance between the parallel-pair cables used 
in the ignitron supply and the thyristor/diode power supply can be attributed to two 
factors; the length and conductor spacing. The thyrisror/diode power supply cables are 
2·5m long whereas the ignitron power supply cables are 3m long and the thyristorldiode 
cables therefore have lower resistance and inductance. The thyristor/diode power supply 
cables are designed for SkV operation and use heat-shrink tube, whereas the ignitron 
power supply cables use polythene tubing of much greater thickness, so that the 
conductors are further apart and therefore resul ting in a greater inductance. 
B.l.4. Duplex thyristor/diode power supply - using dual parallel-pair cables 
The component val ues for the duplex circui t were calculated using two methods ; the 
first with both pairs of cables short-circuited together, is summarised in Table B4 and 
the second with only one pair short-circuited, is summarised in Table BS. The first 
method is appropiate when a simplex or bifiler wound coil is used and the second for 
when the power supply is separately exciting each winding of a duplex coil. 
Component 
L 
R 
Value 
1·831-!H 
7·38mQ 
Table B4 Estimated com ponent values for thyristo r/diode supply-dual pair. 
Component 
L 
R 
Value 
3·082!-lH 
4·686mQ 
Table B5 Estimated component values fo r thyristor/diode supply-single pair. 
The variation in the values of resistance and inductance between the simplex and duplex 
power supplies can be attributed to the smaller 4A WG cable used for the return cables in 
the duplex supply. 
B.l.S. Estimated values for thyristor and diode switches 
The values for the both the thyristor and diode switches was estimated due to lack of 
manufacturers data (B3] I I. 
l 1 These values were used for the switch components in both the simplex and duplex power suppl ies. 
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Component 
L 
R 
Voltage drop [B3) 
Value 
150-0nH 
55·0tJ.Q 
-lO·OV 
Table B6 Estimate component values for Thyristor and diode switches 
B.2. Density of materials used in the coupled-circuit model 
In the finite-element launcher models the projectile mass is irrelevant since it is static 
during a launch cycle. In the coupled-circuit model the projectile mass is specified 
independently of its structure. Where a projectile has not been constructed, Hs mas has 
been calculated using the material densities listed in Table B7 [B4, B5]. 
Material 
Copper 
Alumimum 
Titanium 
Tungsten 
Brass (Estimated) 
Density (x103) kglm3 
8·96 
2·7 
4-54 
19·3 
10·7 
Table B7 Materials used in the coupled-circ uit modeL 
B.3. Resistivity of materials used in models 
The coupled-circuit model allows any filament to be made of any material provided that 
its resistivity and specific heat are known as functions of temperature. Currently only 
copper and aluminium are available. The requirement for the finite-element model are 
much simpler, and any material of known (constant) conductivity can be used. Table B8 
lists the materials used and their assumed conductivities [B4, BS]. 
Material 
Aluminium 
Copper 
Titanium 
Tungsten 
Brass (Estimated) 
Conductivity (x106) S/m 
37·74 
59·88 
2·38 
17-69 
16-67 
Table B8 Materials used in the e lectromagnetic fi ni te-element model. 
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B.4. Speed measurements using x-ray camera facility 
A et of results was obtained using flash x-ray equipment at DERA Fort Halstead with 
the projectile launched vertically and pictures taken at various time in tervals. The 
measurements listed in Table B9 were made with various projectiles and at capacitor 
voltage of SkY and 2kV. Fig . Bl shows the results as displacement against time, with 
be t-fi t lines obtained using a least squares fit for three of the four sets of data . The 
other et of data, for an aluminium projectile with a capacitor voltage of 2kV, had only 
two data points and therefore only an average was obtained which is clearly erroneous 
due to insufficient data. The aluminium projectile with a capacitor voltage of SkY 
shows a good corre lation between the bes t-fit line and the measured data points. The 
other sets of measurements have insufficient data to form any firm conclusions . 
Projectile Voltage kV Measurements taken 
Aluminium 2 2 
Aluminium 5 14 
Brass 5 4 
Copper 5 6 
Table B9 Measurements made using the x-ray facility. 
B.S. Finite-element model 
Complete comparisons between simulation and experi mental results are not pos ible 
because of the crowbar switch. The fi nite-element model does not include the crowbar 
whilst the coupled-circuit model and the experimental equipment does. However, i f the 
examination is restricted to the period prior to the crowbar switch operating, then the 
compari son is valid . 
B.S.l. 27-Turn stator coil 
Fig. B2 shows the cun·ent profiles obtained using the 27-tum stator coil with no 
projectile . A number of measurements were obtained from 3kV to lOkV, in 1kV 
increments. Examination of the leading edge of both the simulated and measured 
profiles show a good similarity and reinforce the comparison made between the two 
models in Chapter 3. 
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8.5.2. 24-Turn stator coil 
Fig. B3 shows the current profiles obtained usmg the 24-turn stator coil with no 
projectile. A number of measuremen ts were obtained from 3kV to lOkV, in lkV 
increments. The simulated profiles again show good agreement with the measured 
results, although the simulated peak current occur before the measured peak. 
Fig. B4 shows the current profiles obtained using the 24-turn stator coil with a fixed 
projectile. A number of measurements were obtained from lkV to SkY, in increments 
of 1 kV. The projectile movement was restricted in practice simply by loading it w ith 
bricks. The forces produced by the launcher are considerable, even at low capadtor 
voitages, and although the profiles obtained at lkV compare well , the larger deviation 
difference at higher voitages is symptomatic of projectile movement. 
B.6. Coupled-circuit model 
A number of results were obtained using the three stator coils described in Chapter 4 (of 
12 27 and 24-turns ), using the two power supplies described in Appendix A. Both 
electrical and mechanical results with a projectile and electrical results without a 
projectile for various capacitor voltages were obtained to validate the model. The results 
are summarised in C hapter 3 and are shown in greater detail here. 
B.6.1. 12-turn stator coil 
B.6.1.1. Current measurements 
Figs. B5, B6 and B7 show the current profiles of the main and crowbar switch and stator 
coil for capacitor voltages of 2·5kV, 3·5kV and 4·5kV, using the thyristor/diode power 
supply and the 12-turn stator coil with no projectile. 
Figs. B8, B9 B 10 B 11 and B 12 show the stator current profiles for capacitor voltages of 
lkV, 1·5kV, 2·5kV 3·5kV and 4·5kV, using the thyristor/diode power supply for the 12-
turn stator coil with a projectile . 
Figs. B 13 and B 14 show the stator current profiles for capacitor voltages of 6kV and 
6-SkV, for the 12-turn stator coil with and without a projectile. Fig. Bl5 shows the 
stator current profile for the 12-turn stator coil with no projectile at a capacitor voltage 
lOkV. 
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Fig. B 16 how the variation of peak stator current with capacitor voltage up to a 
maximum of lOkV. The simulated peak current with a projectile is shown for initial 
displacements of 0·5, 1 and 1·5mm. In addition, the simulated peak current with no 
projectile is compared with the measured peak currents. 
B.6.1.2. Speed measurement 
A substantial set of measurements were obtained to validate the models. Prior to its 
failure the thyristorldiode power supply allowed 1245 speed measurements to be made 
at various capacitor voltages. These results form the basis of the coupled-circuit model 
validation described in Chapter 4. In addition, a further et of measurement were 
undertaken using the ignitron power supply at various capacitor voltage up to a 
maximum of lOkV. The 1266 speed measurements made are listed in Table B lO. Fig. 
B 17 how graphlcally the measurements (made at 6·5kY) of projectile displacement 
relative to time, in addition the best-fit line obtained from the measurements using a 
least-squares fir is shown. Figs. Bl8 and B l 9 summarize respectively the best-fit lines 
and the average velocity for the five capacitor voltages for all measurements taken using 
the 12-turn stator coil. 
Capacitor voltage V c 
1·5 
2 
2·5 
6·5 
Power supply 
Thyristorldiode 
Thyristorldiode 
Thyristor/diode 
Thyristor/diode 
Ignitron 
~easurements taken 
312 
328 
310 
295 
21 
Table B 10 Speed measurements made using the 12-turn stator coil. 
B.6.2. 27 -turn stator coil 
B.6.2.1. Current measurements 
Fig. B20 shows the stator current profiles for the 27-turn stator coil with no projectile, 
for capacitor voltages of 3kY to lOkY in lkV increments, obtained using the ignitron 
power supply. 
Figs. B21, B22, B23 and B24 show the stator current profiles for capacitor voltages of 
6·5kY, 8kV, 9kV and lOkY, for the 27-turn stator coil with a projectile, using the 
ignitron power supply. Fig. B25 shows the peak stator current as a function of capacitor 
voltage up to lOkV. The simulated peak currents with a projectile are compared with 
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the measured currents for initial displacement of 0·5mm, lmm and 1·5mm. In addition, 
the imulated peak current with no projectile are compared with the measured peak 
currents. 
B.6.2.2. Speed measurement 
A set of measurements were made using the 27 -turn stator coil and the ignitron power 
supply. Prior to the failure of the 27-turn stator coil 104 measurements were made, as 
listed in Table B 11. Figs. B26, B27, B28, B29, B30 and B31 show the projectile 
displacement, as a function of time, for capacitor voltages of 2·5kV, 5kV, 6·5kV, 8kV, 
9kV and lOkV. In addition the best-fit line obtained using a least-squares fit is hown. 
Fig . B32 and B33 summarize respectively the best-fi t lines and the average velocity for 
the six capacitor voltages for all measurements taken using the 27-turn stator coil 
Capacitor voltage V c Power supply Measurements taken 
2·5 lgnitron 31 
5 Ignitron 30 
6·5 Ignitron 12 
8 Ignitron 10 
9 Igni tron 11 
10 Igni tron lO 
Table BJ 1 Speed measurements made using the 27-turn stator coil. 
8.6.3. 24-turn stator coil 
B.6.3.1. Current measurements 
Fig. B34 show the stator current profiles for the 24-turn stator coil with no projectile, for 
a capacitor voltage of 3kV to IOkV in lkV increments, using the ignitron power supply. 
Figs. B35, B36 and B37 show the stator current profiles for capacitor voltages of 2·5kV, 
6·5kV and lOkV respectively, for the 24-turn stator coil with a projectile, using the 
thyristor/diode power supply. Fig. B38 shows the variation of the peak stator current for 
a given capacitor voltage up to l OkV. The simulated peak currents with a projectile are 
compared for ini tial displacements of 0·5mm, l mm and 1·5mm with the measured peak 
currents. In addition, the simulated peak currents with no proj ectile are compared with 
the measured peak currents. 
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B.6.3.2. Speed measurement 
A set of measurements were made using the 24-turn stator coil and the ignitron power 
supply as additional validation. Prior to the failure of the stator coil 100 measurement 
were made as listed in Table Bl2. Figs. B39, B40 and B41 show the projectile 
displacement as a function of time for capacitor voltages of 2·5kV, 6·5kV and lOkV. In 
addition, the best-fit line using a least-squares fit is shown. Figs. B42 and B43 
ummarize respectively the best-fit lines and the average velocity for the three capacitor 
voltages for all measurements taken using the 24-wrn stator coil 
Capacitor voltage V c 
2·5 
6·5 
10 
Power supply 
Ignitron 
Ignitron 
Ignitron 
Measurements taken 
50 
26 
24 
Table B 12 Speed measurements made using the 24-turn stator coil. 
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APPENDIX C HIGH ENERGY POWER SUPPLY 
A new power supply was constructed for a set of tests at initial capacitor voltages up to 
20kV. The increase in initial capacitor voltage required the construction of a new type 
of witch [C l,C2] and the use of a different commercial charger system, which in turn 
required the construction of a new control system. 
C.l. Capacitor discharge power supply 
The power upply is shown schematically in Fig. Cl and photographically in Fig. C2. In 
addition to the l l 3!JF capacitor, the dump switch and dump resistor (Fig. C2(a)) were 
used previously in the ignitron supply. A 4-7k.Q series resistor was included in the input 
circuit to provide additional protection for the chargers. 
The power supply used single-shot main and crowbar detonator switche , with the 
crowbar switch imended primarily to protect the capacitor from excessive voltage 
reversal. Detonator switches were chosen for their speed, repeatabili ty and ability to 
operate at voltages up to 20kV [C2]. Six 5m long URM67 co-axial cables were used 
between the capacitor and the switches and two 1 m long parallel-pair cables (of 2A WG 
cable consisting of 1050 strands of 0·16mrn diameter copper) between the switches and 
the stator coil. The two switches use separate Reynolds FD 20 l firing boxes to initiate 
RA-80P detonators [C3], with the main switch flring box using a short circuit trigger 
and the second firing box being triggered from either a control circuit and/or a delayed 
firing pulse from the main switch firi ng box. The capacitor, dump switch, du mp resistor 
and charging resistor are moun ted on a palle t with the assembled switches in close 
proximity to the stator coil. 
C.l. l. Power supply switches 
The switches were constructed using aluminium with lOOmm wide copper strip-lines, 
and the switch assembly is shown in Fig. C2(b) and in section in Fig. C3. The switch 
comprises an anvil , an anvil base, a acrificial plate, Melinex insulating sheets and a top 
plate, with the top plate carrying the detonator carried in a balsa wood insert and 
forming the lower potential side of the switch. The anvil base is the high potential side 
of the switch and is insulated from the top plate by three 125!Jm thick Melinex sheets. 
The sacrificial plate is located between the Melinex sheets and the top plate, with the 
fully assembled switch clamped together. Closure of the switch is initiated by exploding 
the detonator which pushes the sacrificial plate down on to the anvil and pierces the 
Melinex sheets. 
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The co-axial cables are terminated in aluminium clamps, with the outer and inner 
conductors spaced 200mm apart. Both clamps are fastened to the 16SWG lOOmm wide 
trip line . The lower potential strip line , connected to the outer co-axial conductor, runs 
under the main switch (protected by a Tufnol whale brand board) to another set of 
terminations which allow the cables to be attached to one stator coil feeder. The main 
switch has strip lines on either side of it. The low potential side of the switch (the tator 
coil side) is attached to the top plate , and the high potential (the capac itor side) is 
attached to the anvil base. The low potential strip line is terminated in a clamp, to allow 
cables to be attached for the other stator coil feeder cable . The high potential strip line is 
attached to the co-axial inner conductor clamp. 
The crowbar circuit is at right angles to the main switch and is connected via a 20SWG 
1 OOmm wide strip line, with the strip lines to the crowbar circuit being soldered to those 
forming the main switch strip line . The low potential secondary strip line is connected 
to the main low potential line under the main wi tch, with the high potential secondary 
trip line being connected to the line joining the co-axial inner termination to the anvil 
base of the main switch. 
C.1.2. Equivalent circuit parameters 
A short-circuit test was performed on the new power supply, and the equivale nt 
inductance and resistance of the circuit determined in the manner described in Appendix 
B. The switch component values were estimated [C2] and subtracted fro m the total 
inductance and resistance obtained from the short-circuit test, to give the cable 
resistance and inductance. The short-circuit, cable component and switch component 
values are listed in Table C 1. 
Short- Cable Switch 
circuit 
R 19·96mQ 19·86mQ lOOf..!Q 
L 1·93f..IH 1·73f..IH 200f..!H 
c l l3 f..lf 
V oltage drop 50-0V 
Table C l . Component values of new power supply. 
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C.2. Current measurement 
The circuit current is measured at the capacitor and in the strip line between the main 
switch and the stator coil. A commercial Rowgoski coil measures the capacitor current 
[C4,C5] and a tunnel solenoid probe measures the stator coil current [C6,C7]. 
Appendix A describes the manner in which the Rogowski coil was used, with the current 
profile tored as an ASCII format file on a PC computer. In addition, the current profile 
obtained from the tunnel probe is integrated and calibrated against that obtained from 
the Rogowski coil. All current measurements were made using a Gould 4090 series 
oscilloscope. Spark gap arresters placed on the input channels of the oscilloscope 
protected it in the event of a high voltage breakdown in the current probes. 
C.3. Control unit 
The launch cycle was controlled by two control units housed in the metal 19" rack cases 
shown in Fig. C4, with the construction of the units being simpler than that described in 
Appendix A. The first unit, which is referred to as the control box, is used by the 
operator to control the chargers and the dump relay and is designed to be used at a 
distance of up to 25m from the capacitor discharge power supply. The second unit, 
re ferred to as the capacitor box, is located close to the power supply and interfaces with 
the control box. In addition, it contains the firing circuit for the crowbar switch, 
operated from a voltage probe and described in Section C.3.l. 
Fig. CS shows the control circuit distributed between the control box, capacitor box and 
a small ABS box located next to the dump relay. Operation of the control circuit has 
been kept simple, to allow for easy repair in the event of a fault. The control box is 
linked to the capacitor box via a 25m long 9-pin D-type cable and the dump switch is 
linked to the capacitor box via a 5m long 6-pin DIN-type cable. The Nimbus 5000 
capacitor chargers [C8] are linked via a 25m long 25-pin D-type cable to the control 
box. Two capacitor chargers, each capable of delivering 6001/s at voltages up to 30kV, 
are used in parallel and connected as a master and a slave. Tables C2 and C3 lists the 
control lines required to operate the master and slave respectively. Further slave units 
can be added if required, and the control unit has been constructed to allow a range of 
different master/slave unit combinations. The required high voltage is set by a SkQ ten-
turn vernier potentiometer and a SkQ ten-turn trimmer located on the front panel and in 
the control box respectively. The trimmer ensures that the reference voltage can only be 
set to a maximum of 20kV by the vernier potentiometer, which is used to set the 
required voltage between 0 and 20kV. 
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A key switch has to be closed before the dump and charger switch can be operated, and 
in addition, the switch closes the interlock circuit on the chargers. The HV ON requires 
momentary closure and HV OFF momentary opening. 
Electrical power for the dump relay and chargers is supplied from the capacitor box via 
Euro-sockets, and can be remotely switched from the control box. In the event of a 
power failure to the control box, the upply to both the dump relay and chargers is 
removed and they return to a safe state. Figs. C6 and C7 show the power supply circu it 
for the control and capacitor boxes. The control box has a regulated 12V de supply and 
is used primarily to switch relays and power indicator bulbs. The capacitor box has a 
regulated ±12V supply and an unregulated 33V de supply, which are used for the 
crowbar control circuit. 
A lOOf..IA (FSD) meter on the control box is used to monitor both the pre-set voltage on 
the capacitor charger and the actual capacitor voltage. 
C.3.1. Crowbar control circuit 
The crowbar control circuit shown in Fig. C8 produces a firing pulse for the crowbar 
detonator firing box, when the capacitor voltage is near zero. The input to the circuit is 
derived from a voltage probe located near the capacitor and connected to the capacitor 
box by a 5m long co-axial cable fitted with TNC terminations. The output of the 
detection circuit is connected to the Reynolds firi ng box by a second 5m long co-axial 
cable, fitted with BNC terminations 12. The circuit is constructed with a number of 
TL071 op-amps, a LM3 11N comparator, a CMOS monostable and a transistor output 
switch. The op-amps and comparator have a ±12V supply; for the monostable a 12V 
supply is used and the transistor switch is supplied at +33V. The output voltage of the 
circuit was chosen to produce an output pulse of about 30V to ensure that the Reynolds 
firing box is triggered correctly (A minimum of lOV is required). 
The voltage probe has a ratio of 0·5V/kV (which is trimmed for the meter on the control 
box). The first op-amp has a gain of approximately 11 , allowing the crowbar control 
circuit to fu nction at initial capacitor voltages of 5kV and above. The second op-amp 
clips the voltage to a near square wave and provides overvoltage protection, via diodes. 
T he comparator has a reference voltage set to near zero, with a lOkQ 10-turn trimmer 
12The input and output of the crowbar control circui t are fitted with different connections to avoid 
confusion. 
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and 3·3kQ resistor between the ±12V rail allowing thi reference voltage to be 
adjusted. When the main capacitor voltage falls below the reference level the 
monos table produces a 20!JS long output pul e. A switch is provided to remotely disable 
the monostable if required. The output of the monostable is used to turn on the output of 
the transistor switch. 
C.4. High energy tests 
The launcher coil had 15-turns of 5x0·9mm enamel copper strip, with inner and outer 
diameters of 40mm and 120mm. The enamel strip was insulated with heatshrink tubing 
and each turn was coated with epoxy adhesive during winding. The coil was housed in a 
Tufnol Whale brand housing for rigidity and encapsulated with epoxy resin. Initially, 
the projectile was a 120mm square plate of 10SWG (::::3mm thick) aluminium with a 
14mm circular hole at its centre used to locate the projectile on the stator coil. The 
projectile had a mass of 0·113kg. 
A number of investigations were undertaken at initial capacitor voltages of 5, 10 and 
15kV. The aim was to establish the terminal velocity and the time delay of the main 
switch trigger circuitry. A further detailed investigation at an initial capacitor voltage of 
SkY was performed to establish the fixed time delay required between the main and 
crowbar switches for successful crowbar operation. Noise from the voltage probe led to 
the crowbar firing circuit producing an output pulse which was early at higher in itial 
capacitor voltages (;:::: 10kV). This led to the fixed firing delay incorporated in the 
Reynolds firi ng boxes being used for the crowbar circuit. In addition, continual 
malfunction of the firing boxes lead to a substanti al number of the results being taken 
with only the main switch operating. 
It was found during a launch with an initial capacitor voltage of 15kV that the square 
projectile was subject to serious deformation at its corners. To alleviate thi s problem the 
corners were removed to give a hexagonal projectile with length from adjacent sides of 
120mm and a mass of 0·094kg. F igs. C9 and C 10 show the projectiles before and after a 
launch cycle respectively. The 3mm thick aluminium projectile used during the 
validations is also shown in Fig. C9 and the bottom right projectile in Fig. C 10 is the 
hexagonal projectile after a launch with an initial capacitor voltage of 15kV. 
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Figs. Cl!, Cl2 and Cl3 show the capacitor and stator coil currentsi J for initial capacitor 
voltage of SkY, lOkV and lSkV, and it can be een that the capacitor cutTent has a large 
reversaL This does not however imply a large voltage reversal, as the cable impedance 
between the capacitor and crowbar switch is relatively low and the main switch is bi-
directional, and therefore even a low voltage will produce a large current. However, it 
does suggest that the crowbar is firing slightly too late. The current profile at lOkV 
shows the crowbar switch firing slightly too early, with the remaining positive capacitor 
voltage causing the current to increase. The current profiles at lSkV show failure of the 
crowbar switch, with the capacitor and stator coil current being identical and the period 
of the first positive cycle of the capacitor current extended, indicating that the 
inductance was much greater than that associated with the crowbar (i.e. the stator coil). 
F ig. Cl4 shows the projectile displacement as a fu nction of time for ini tial capacitor 
voltages of SkY, lOkV and lSkV. The object of the measurements was to determine the 
time requ ired for the projectile to reach a given position from firing, and triggering for 
the oscilloscopes was taken from the trigger pulse from the main switch firing box. The 
velocity was therefore calculated by taking the measurements between two consecutive 
lasers and then taking their average. Tables C4 and CS give a sununary of the measured 
and simulated velocities and the efficiencies, with the simulations being undertaken for 
an assumed initial displacement of l· 2mm. The simulated velocity shows errors of 
2·27%, 4·70% and S·06% from the measured for voltages of SkV, lOkV and l SkV. All 
the simulations show a lower velocity than those measured. 
Capacitor voltage, kV Velocity, m/s Efficiency, % 
S'4 61·20 14·98 
10 147-0S 21·62 
1Sl5 246·96 22-SS 
Table C4 Measured mechanical results. 
13The stator coil current was obtained by integrating the waveform obtai ned from a tunnel probe using 
the Gould 4097 oscilloscopes in-built integrating function, and scanning a paper plot. 
14 Average of the velocities with and without a crowbar switch. The average veloci ties with and 
without a crowbar swi tch were 61·32m/s and 60·95m/s (OA I% and 0·20% from the combined result). 
1 SHexagonal projectile used. 
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Capacitor voltage, kV Velocity, rn/s Efficiency, % 
5 59·81 14·31 
10 140·13 19·60 
15 234·46 20·54 
Table CS Simulated mechanical results'6. 
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(a) Capacitor and dump circuit. 
(b) Switch assembly. 
Fig. C2 Assembled power supply. 
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(a) Control box. 
(b) Capacitor box. 
Fig. C4 Assembled control unit. 
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Pin Facility 
1 HV ON Indication (Master only) 
2 HVON 
3 Remote Inhibit (Master only) 
4 HVON 
5 External voltage monitor (Master onl y) 
6 
7 External interlock (normally open) 
8 External interlock (normally open) 
9 Alarm indication (Master only) 
10 Voltage control in 
11 5V Ref out 
12 External alarm test (Master only) 
13 EOCVVo1tage control indication 
14 ov 
15 OV 
16 ov 
17 ov 
18 OV 
19 HVOFF 
20 Thermal trip input 
21 SV Ref in 
22 Drive (out) 
23 Voltage control (out) 
24 Shutdown (out) 
25 HVOFF 
Table. C2 Nimbus (5000 - Master) 25-way connector. 
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Pin Facility 
1 Shutdown (In) 
2 Shutdown (Out) 
3 
4 Drive (In) 
5 Drive (Out) 
6 
7 Thermal trip (In) 
8 Thermal trip (out) 
9 
10 
11 Timer interlock 
12 External interlock (Ext. interlock) 
13 External interlock (Ext. interlock) 
14 OV 
15 ov 
16 OV 
17 ov 
18 OV 
19 
20 
2 1 
22 
23 
24 
25 
Table. C3 Nimbus (5000- Slave) 25-way connector. 
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1 CONTROL 
BOX 
Fig. C6 Control box - power supply circuit. 
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CAPACITOR 
BOX 
Fig. C7 Capacitor box - power supply circuit. 
-------------- -
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1£b· j··· 
1 ·~ 
Fig. C8 Crowbar control circuit. 
Fig. C9 Aluminium projectiles used during the high energy trials. 
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Fig. C I 0 Aluminium projectiles used during the high energy trials. 
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Fig. C 11 Capacitor and stator coil current- Ye= SkY. 
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Fig. C 13 Capacitor and stator coil current - V c = 1 5 k V. 
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Fig. Cl4 Mechanical results - Ye= 5, 10 and 15kV. 
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